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Abstract

Background—Cannabis is widely abused, and efficacies of therapeutics for cannabis

dependence remain suboptimal. Magnetic resonance imaging (MRI) may aid in the identification

of biological markers for successful treatment outcomes (i.e., abstinence).

Methods—Twenty men with cannabis dependence and twenty non-substance-using healthy

comparison (HC) men underwent MRI scanning. Cannabis-dependent individuals then

participated in a 12-week randomized clinical trial of behavioral treatments (contingency

management (CM), cognitive behavioral therapy (CBT) or both). Pretreatment functional and
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structural data were compared between the cannabis-dependent and HC participants. In addition,

individuals with cannabis dependence were subdivided based on the successful achievement of 21

days of consecutive abstinence during treatment to assess whether abstinent versus nonabstinent

cannabis-dependent participants displayed different pretreatment functional and structural

characteristics when compared to HC participants.

Results—In comparison to HC participants, cannabis-dependent participants demonstrated

greater ventral striatal activation during the receipt of losing outcomes and smaller putamenal

volumes. Cannabis-dependent participants who did not subsequently achieved 21 days of

consecutive abstinence had increased activity within the striatum during the receipt of losing

outcomes, relative to HC participants. Cannabis-dependent participants who did not achieve 21

days of abstinence had decreased bilateral putamen volumes prior to treatment, relative to HC

participants.

Conclusions—Individual differences in pretreatment striatal function and structure may relate

to individual differences in treatment responses for cannabis dependence. While mechanisms

underlying these associations require further exploration, the striatum might mediate treatment

responses via its role in associative reward-learning (e.g., through skills training in CBT or

reinforcement of abstinence in CM).

Keywords

cannabis dependence; fMRI; FSL-FIRST; reward processing; contingency management; cognitive
behavioral therapy

1. INTRODUCTION

Cannabis is widely abused worldwide (Hall and Degenhardt, 2009; Degenhardt and Hall,

2012). Long-term heavy cannabis use is associated with increased rates of mood, anxiety

and psychotic disorders, risky sexual behaviors, and other measures of poor health (Kingree

and Betz, 2003; Moore et al., 2007; Degenhardt et al., 2009; Mathews et al., 2011; Andrade

et al., 2013; Degenhardt et al., 2013). Specific neurocognitive effects of long-term cannabis

use may include alterations in IQ, executive functioning and verbal and visual memory

(Bolla et al., 2002; Gruber et al., 2012; Meier et al., 2012). Despite the prevalence and

negative consequences of cannabis use, the efficacy of current treatment options for

cannabis dependence remains limited (Kadden et al., 2007; Carroll et al., 2012).

Current treatment options for cannabis dependence are predominantly nonpharmacological

and include cognitive behavioral therapy (CBT; Denis et al., 2006) and contingency

management (CM; Carroll et al., 2006). These treatments appear effective for some

individuals with cannabis dependence; however, overall rates of abstinence during and

subsequent to treatment remain suboptimal (Denis et al., 2006; Kadden et al., 2007; Carroll

et al., 2012; Danovitch and Gorelick, 2012). While further research into how best to improve

treatment interventions is needed (Danovitch and Gorelick, 2012), a complementary line of

research involves the identification of behavioral and/or biological factors that might

characterize treatment responders and which could predict optimal treatment responses on

an individual basis (Potenza et al., 2011; Feldstein Ewing and Chung, 2013). Such factors
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may shed light on the mechanisms of action of existing treatments, which could inform

treatment adaptations to enhance efficacy or guide individually-tailored treatment-

assignment approaches.

Despite behavioral literature suggesting complex and relatively subtle neuropsychological

alterations associated with long-term cannabis use (Rogers and Robbins, 2001; Bolla et al.,

2002; van Holst and Schilt, 2011), relatively few studies have examined the relationship

between neural function and treatment outcomes in cannabis dependence. However,

pretreatment individual differences in functional neurocircuitry might impact treatment

responses in cannabis-using youth (Feldstein Ewing and Chung, 2013), and less is known

about such relationships among adults with cannabis dependence.

As with brain function, brain structure may also relate to substance-use-treatment outcomes

(Xu et al., 2010; Froeliger et al., 2010). While the precise mechanism behind these

associations remains unclear, it is possible that specific structural alterations might

negatively impact individuals’ successful engagement in treatment (Chung et al., 2013). For

example, preclinical data have demonstrated that structural damage to the putamen disrupts

habit formation or the learning of new action-outcome contingencies (Yin et al., 2004).

Thus, structural alterations within this region might impair an individual’s ability to modify

previously-learned stimulus-response relationships (such as those relating to the reinforcing

properties of cannabis) as is required for the development of new adaptive behaviors (e.g.,

skills training to deal with craving) aimed at reducing substance use. However, further

research is needed to confirm this hypothesis, and to explore the relationship between

pretreatment brain structure and function and treatment outcomes in cannabis dependence.

In particular, investigating how structure and function of brain regions involved in reward

processing (e.g., ventral striatum; VS; Knutson, 2001) may relate to treatment outcomes is

important in the study of addictions and their treatment (Thayer and Hutchison, 2013). To

our knowledge, no studies have explored the relationship between pretreatment brain

structure and responses to treatment in cannabis dependence. Such research may aid in the

identification of biological markers which might eventually guide the selection of

appropriate treatment interventions (Feldstein Ewing and Chung, 2013).

The ventral and dorsal striatum are involved in multiple aspects of reward processing (e.g.,

craving, anticipatory and outcome processing; Roitman et al., 2005; Liu et al., 2011; Everitt

and Robbins, 2013; Goldman et al., 2013). Thus, the striatum may relate to important

aspects of the pathophysiology of substance-use disorders and their treatment (Brewer et al.,

2008).

In this study, we explored the relationship between pretreatment striatal function and brain

structure and short-term abstinence in response to behavioral treatments for cannabis

dependence. VS activity was examined using a monetary incentive delay (MID) task

(Andrews et al., 2011) which is a well-established probe of reward-related neurocircuitry

(Knutson, 2001; Andrews et al., 2011) previously used to study aspects of reward processing

across a range of substance- and addiction-related disorders (Goldstein et al., 2007; Wrase et

al., 2007; Beck et al., 2009; Peters et al., 2011; Balodis et al., 2012; Donovan et al., 2012)).
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In particular, amongst cocaine-dependent individuals performing the MID task, greater

bilateral VS activation was observed (relative to non-substance-using comparison

participants) when participants were presented with winning outcomes (e.g., WON $5), and

greater right VS activation was related to poorer treatment outcome (less abstinence; Jia et

al., 2011). These findings suggest that MID performance successfully recruits brain regions

related to real-world clinical outcomes, although such relationships may differ across

addictions (e.g., to cannabis versus cocaine). To investigate striatal volume, bilateral caudate

and putamen volumes were compared using FSL’s FIRST, an automated segmentation tool

for subcortical structures (Patenaude et al., 2011).

Two previously published fMRI studies employing MID tasks have studied reward

processing among cannabis users, and both have reported increases in VS activity during

reward anticipation (Nestor et al., 2010; Jager et al., 2013); however, neither study included

treatment-seeking individuals or a formal assessment (e.g., SCID) of cannabis dependence.

Based on these findings (Nestor et al., 2010; Jager et al., 2013), we hypothesized that,

relative to non-substance-using HC participants, individuals with cannabis dependence

would: (i) exhibit greater brain activity within the VS during reward processing (i.e., reward

anticipation and reward receipt) during MID task performance; and (ii) have lower GM

volume within the caudate and putamen. We also explored the hypothesis that among

individuals with cannabis dependence, individual differences in GM volumes and brain

activations within the striatum would relate to treatment responses, as has been observed

functionally in studies of cocaine dependence (Jia et al., 2011) and structurally in studies of

tobacco smoking (Froeliger et al., 2010).

2. METHODS

2.1. Participants and recruitment

Cannabis-dependent participants were recruited from a randomized clinical trial (RCT) of

community-based, outpatient treatments for cannabis dependence exploring the relative

efficacy of CM, CBT or combined CM and CBT (Carroll et al., 2012). Two-hundred-and-six

individuals were screened for eligibility for participation in the trial. Forty-four individuals

did not complete screening and a further 35 individuals were deemed ineligible for trial

participation (Carroll et al., 2012). Exclusion criteria for the RCT included likely and

imminent incarceration and physical dependence on any substance other than cannabis or

nicotine; for further detail. Participants with cannabis dependence were not excluded for co-

occurring disorders; see (Carroll et al., 2012). While both men and women were recruited

for the RCT, the study sample was largely male (>80%; Carroll et al., 2012). The

participants from the RCT who also participated in pretreatment neuroimaging consisted of

20 men and 1 woman with cannabis dependence. Given the possibility of gender-related

differences in neural responses, the female participant was excluded from subsequent

analyses. Thus, the final sample included 20 men with cannabis dependence (mean age=26.7

years; standard error=2.2) and 20 male HC participants (mean age=29.2; standard error=2.3)

recruited from the community via advertisement. Exclusion criteria for HC participants

included any past or current psychotropic medication (e.g., antidepressants, anxiolytics,

antipsychotics, mood stabilizers), any Axis-I disorder, including lifetime alcohol or other
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substance-use disorder other than nicotine dependence, as assessed using a Structured

Clinical Interview (SCID; First, 1995). Exclusion criteria for all participants additionally

included claustrophobia, head trauma resulting in loss of consciousness or other

contraindication to MRI scanning.

Demographic and clinical characteristics of cannabis-dependent and HC participants are

shown in Table 1. The cannabis-dependent and HC groups did not differ in age (F=.66, p=.

42); but differed in race (χ2=7.87, p=.05) and the cannabis-dependent group had lower IQ,

on average (F=16.85, p<.001).

2.2. Abstinence

Given the difficulty many cannabis users have in achieving abstinence (rather than reducing

the frequency of their use) a sustained period of continuous abstinence – as opposed to

proportion of (non-continuous) days of abstinence during treatment is considered a

clinically-relevant outcome (Kadden et al., 2007). Thus, abstinence was defined based on

the total number of consecutive days of self-reported abstinence during treatment. A

threshold of 21 or more consecutive days of abstinence was selected, as this has been found

to be a significant predictor of longer-term abstinence following treatment for substance use

(Carroll et al., under review; Donovan et al., 2012).

Thirteen out of the 20 participants with cannabis dependence achieved 21 or more days of

consecutive abstinence within treatment (65% abstinent; 35% nonabstinent). Participants

who achieved 21 days of abstinence (hereafter referred to as abstinent participants) versus

those who did not (hereafter referred to as non-abstinent participants) did not differ in age

(F=1.07, p=.32), race (χ2=2.64, p=.34), IQ (F=.10, p=.76), age of first cannabis use (F=.98,

p=.34), days of pretreatment cannabis use (F=.72, p=.41), pretreatment Addiction Severity

Index (ASI) drug composite scores (F=.56, p=.46), current or lifetime major depression

(χ2=1.96, p=.16; χ2=.22, p=.64), current or lifetime alcohol use disorder (χ2=2.42, p=.30;

χ2=1.32, p=.25) or lifetime anxiety disorders (χ2= 57, p= 45); none met criteria for current

anxiety disorders.

As expected, abstinent participants spent more days in treatment (F=13.72, p=.002), had

lower post-treatment ASI cannabis scores (F=7.04, p=.02), had more cannabis-negative

urines during treatment (F=8.74, p=.008) and reported more total days of abstinence at one-

year follow-up (F=5.45, p=.03; abstinent: 70.16% days abstinent; non-abstinent: 32.68%

days abstinent) in comparison to non-abstinent participants.

Ten of the 20 cannabis-dependent participants received either CM (n=3) or CBT (n=7)

alone, and the remaining 10 participants received combined CBT and CM. Abstinent versus

non-abstinent cannabis participants did not differ in the types of therapy received (χ2=.30,

p=.86).

2.3. Monetary Incentive Delay (MID) task design

The version of the MID task used in this study has been described in detail previously

(Andrews et al., 2011). The task design is available as Supplemental Material 1. During task

performance, participants were presented with one of six cues (WIN $0, WIN $1, WIN $5,
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LOSE $0, LOSE $1, LOSE $5) for 1000 milliseconds (prospect of reward or loss phase;

A1), followed by a fixation cross for a variable delay. Participants were then presented with

a target stimulus. In order to win (or avoid losing) the amount of money indicated by the

cue, participants had to respond with a single button press while the target was on the

screen. Following the target stimulus, a fixation cross was again presented (anticipation of

reward or loss phase; A2). Finally, participants were given feedback on the outcome of the

trial (e.g., WON $1; DID NOT WIN $1; LOST $1; DID NOT LOSE $1).

Prior to MID task performance, participants were informed that they would receive a total

payment based on their performance. Subsequently, all participants received a fixed amount

of compensation for their participation along with a possible bonus payment based on their

performance. This payment methodology is consistent with our previous studies using the

MID task to study reward-processing among individuals with substance use disorders, in

comparison to HC subjects (e.g., Jia, Worhunsky et al. 2011). Total run time was 12 minutes

(22 win trials, 22 loss trials, 11 neutral trials), and each participant performed two runs.

Details of structural and functional data acquisition are provided as Supplementary

Material2.

2.5. Analyses

2.5.1. Functional data—Spatial pre-processing was conducted using SPM8 (Wellcome

Functional Imaging Laboratory, London, United Kingdom). All functional scans were

realigned separately prior to normalization to Montreal Neurological Institute (MNI)

standard space (voxel size=3×3×3mm3). Scans with participant motion in excess of one

voxel were excluded. Data were smoothed with a 6mm full-width-half-maximum (FWHM)

Gaussian kernel.

Functional ROIs centering on the left and right VS were selected as a priori regions of

interest (ROIs) and ROI coordinates were defined using meta-analytic data of published

MID task fMRI studies (Knutson and Greer, 2008). Anatomical ROIs of the caudate were

defined independently using the automated labeling atlas (Tzourio-Mazoyer et al., 2002)

within the WFU pickatlas toolbox for SPM8 (Maldjian et al., 2003). Group-level random-

effects models were conducted using the small volume correction (SVC) tool in SPM8 with

a spherical ROI (9mm radius) centered on the VS coordinates described above, and p-values

were thresholded using family-wise error correction (pFWE<.05). Specifically, two-tailed t-

tests were used to explore any significant between-group differences in BOLD response

during the different temporal phases of the MID task (prospect of wins/losses; anticipation

of wins/losses; outcome of wins/losses). Consistent with previous published methods on this

task (Knutson and Greer, 2008), all events of interest (e.g., ‘WIN $5’) were contrasted with

their neutral comparison event (e.g., ‘WIN $0’).

Between-group comparisons of whole-brain task-related activations were conducted to

confirm localization of ROI findings and to guide subsequent analyses exploring differences

1See Supplemental Figure 1 by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
2See ‘MRI data acquisition’ in the Supplemental Materials by accessing the online version of this paper at http://dx.doi.org and by
entering doi:...
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in BOLD responses within the striatum among individuals with cannabis-dependence based

on their later achievement of three or more weeks of abstinence during treatment, in

comparison to healthy comparison participants. Data were compared using group-level

random-effects models. Images were cluster-level corrected at pFWE<.05.

2.5.2. Structural data—Structural data were analyzed using FSL (Oxford, United

Kingdom): Individual participant T1-weighted images were brain extracted and affine-

registered to the MNI152 1mm template prior to undergoing automated segmentation with

FSL’s default parameters (‘run_first_all’) and with boundary correction to produce mesh

and volumetric outputs (Patenaude et al., 2011). The caudate and putamen were defined

using standard labels from the Center for Morphometric Analysis (CMA, MGH, Boston).

Volumetric information (total number of voxels) for the caudate and putamen were

calculated from individual participants’ segmented images using ‘fslstats’ and these values

were entered into SPSS for between-group comparisons. Between-group comparisons of

bilateral caudate and putamen volumes3 were conducted using a GLM with group (cannabis

dependent, HC) as the independent variable, structural volume as the dependent variable and

total tissue volume as a covariate. In order to explore the relationship between pretreatment

brain structure and the subsequent achievement of 21-days of abstinence, data were further

analyzed using GLMs including group (abstinent, not-abstinent, HC) as the independent

variable, structural volume as the dependent variables and total tissue volume as a covariate.

As reported above, cannabis-dependent and HC participants were not matched on IQ. Thus,

post-hoc comparisons co-varying for IQ were conducted in order to explore possible effects

of IQ on brain structure or function. Specifically, a multivariate GLM including group

(cannabis-dependent, HC) as a fixed-factor, bilateral caudate and putamen volumes as the

dependent factors and IQ and total tissue volume as covariates was used to examine the

influence of IQ on pretreatment brain structure within the striatum. In order to explore the

influence of IQ on BOLD signal responses within the caudate, a multivariate GLM

including group (cannabis-dependent, HC) as a fixed-factor, BOLD responses within the

caudate as a dependent factor and IQ as a covariate was conducted. In order to explore the

effects of abstinence, the same GLMs were also conducted using the three-group variable of

abstinent/not-abstinent/HC as a fixed factor.

3. RESULTS

3.1. fMRI MID

3.1.1. Behavioral performance—There were no significant between-group differences

in reaction times for win or loss trials (p’s>.05). Mean (±standard deviation) hit rates

(number of successful trials/total possible trials) did not differ across groups for loss (HCs=.

71±.16; abstinent=.76±.10; non-abstinent=.71±.08) or win (HCs=.71±.13; abstinent=.80±.

10; non-abstinent=.74±.08) trials (p’s>.05).

3See Supplemental Figure 5 for structural ROIs with functional coordinates of the ventral striatum overlaid by accessing the online
version of this paper at http://dx.doi.org and by entering doi:...
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3.1.2. HC versus cannabis-dependent participants

3.1.2.2. fMRI MID ventral striatal region-of-interest analyses: There were no significant

between-group differences in VS activity during the prospect (A1) or anticipation (A2)

phases for wins or losses (pFWE’s>.05), or during the outcome phase for wins (pFWE’s>.

1). Cannabis-dependent participants had significantly increased activity within the right VS

when presented with losing outcomes (t=3.93, pFWE=.02), but did not differ in left VS

activity (t=3.1, pFWE=.09), in comparison to HC participants. Inspection of whole-brain

statistical maps (cluster-level-corrected, pFWE<.05) confirmed this finding and also

revealed a pattern of increased activation that encompassed not only the VS but also the

caudate bilaterally (with the identified cluster extending into the thalamus, brainstem and

putamen). Findings from whole-brain, between-group comparisons across all phases of the

MID are shown in the Supplemental Materials4 (pFWE<.05).

Given the absence of between-group differences in VS activity during the A1 and A2 phases

of the MID task, exploratory analyses looking at BOLD responses within the VS during the

anticipation of $1 (in comparison to $0) and $5 (in comparison to $0) gains and losses

separately were further conducted. These analyses revealed significantly greater activation

among cannabis-dependent participants (versus controls) within the left (t=4.26, p=.009),

but not the right (t=3.45, p=.06), VS during the anticipation (A2) phase for losses. Cannabis-

dependent participants also had significantly increased activity within the right VS when

presented with losing outcomes (t=3.63, pFWE=.04), but did not differ in left VS activity

(t=1.94, pFWE=.47), in comparison to HC participants.

3.1.2.3. HC versus cannabis-dependent participants by abstinence status: Given the

diffuse nature of the detected activation (whole-brain findings, above), an anatomical ROI of

the caudate was used to extract individual-participant BOLD signal (details in section 2.5.1.)

and the resulting data were used to explore the effects of subsequent abstinence. Statistical

comparisons revealed significantly increased activation within the caudate among non-

abstinent, cannabis-dependent participants in comparison to HC participants (t=3.33, p=.

003). However, there were no significant between-group differences in caudate activity

between abstinent, cannabis-dependent participants and HC participants (t=1.27, p=.21), or

between non-abstinent and abstinent cannabis-dependent participants (t=1.21, p=.24).

3.2. Structure

3.2.1. HC versus cannabis-dependent participants—In comparison to HC

participants, cannabis-dependent participants had significantly decreased left and right

putamen volumes (F=6.82, p=.01; F=4.69, p=.04). No significant between-group differences

in caudate volume were found between HC and cannabis-dependent participants (p’s>.1).

3.2.2. HC versus cannabis-dependent participants by abstinence status—There

was a significant main effect of group (abstinent, non-abstinent, HC) on left (F=4.11, p=.03)

but not right (F=3.12, p=.06) putamen volumes. Subsequent comparisons revealed

4See Supplemental Table 1 and Supplemental Figures 2-4 by accessing the online version of this paper at http://dx.doi.org and by
entering doi:...
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significantly lower GM volumes within the left and right putamen among nonabstinent

participants (F=7.13, p=.04; F=5.95, p=.02), in comparison to HC participants. By contrast,

there were no significant between-group differences in putamen volume between abstinent

cannabis-dependent and HC participants (p’s>.1).

Post-hoc comparisons (detailed above in Section 2.5.2.) revealed no significant effect of IQ

on striatal activations during MID task performance or on left or right putamen volumes

(p’s>.1).

4. DISCUSSION

To our knowledge, this is the first study reporting on functional and structural MRI data

from cannabis-dependent men prior to undergoing behavioral treatment, in comparison to a

group of age-matched HC men. Overall, cannabis-dependent versus HC participants

demonstrated greater VS activation during the processing of losing outcomes and less

putamenal volume bilaterally. Although no differences in clinical or demographic factors

were observed between abstinent versus non-abstinent cannabis-dependent individuals prior

to treatment, the abstinent and non-abstinent individuals displayed different pretreatment

functional and structural characteristics when compared to HC participants. Specifically, in

comparison to HC participants, non-abstinent cannabis-dependent participants had higher

activity within the caudate in response to losing outcomes (during the MID task) and smaller

putamenal volumes prior to treatment. By contrast, subsequently abstinent cannabis-

dependent participants did not significantly differ from HC participants on these measures.

These initial findings indicate that specific aspects of striatal function and structure relate to

treatment outcomes for cannabis dependence. However, further research using other fMRI

tasks to probe striatal functioning is needed to determine whether the current functional

findings are specific to MID task performance or reflective of a more general alteration in

striatal responsivity among individuals with cannabis dependence.

4.1. Functional findings

Partially consistent with our primary hypothesis, cannabis-dependent (versus HC)

participants had significantly higher VS activity during MID task performance, suggesting

hyperactivation of reward-related neurocircuitry. However, this pattern of activation was

observed during the receipt of losing outcomes and not during reward anticipation or during

the receipt of winning outcomes as hypothesized.

Our finding is partially consistent with previous findings from studies of cannabis users

which have reported increased striatal responses among frequent cannabis users during

different stages of MID task performance including during both reward anticipation and

during the receipt of losing outcomes (Nestor et al., 2010; Jager et al., 2013). However, to

our knowledge, this is the first report of heightened reward responses among cannabis-

dependent adults. In our primary analyses (which combined $1 and $5 trials for wins and

losses), we did not observe blunted VS activations during reward anticipation as has been

seen in individuals with other addictive disorders, e.g., cocaine abuse (Goldstein et al.,

2007), alcohol dependence (Wrase et al., 2007; Beck et al., 2009), nicotine dependence

(Peters et al., 2011), pathological gambling (Balodis et al., 2012; Donovan et al., 2012) –
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although not always consistently (Rogers and Robbins, 2001; van Holst and Schilt, 2011;

Potenza, 2013). In contrast, our exploratory, post-hoc comparisons found increases in VS

activity during reward and loss anticipation for $1 and $5, respectively, among cannabis-

dependent individuals. However, these findings should be interpreted cautiously, as they are

based on a smaller number of events (e.g., eleven $1 anticipation events versus 22 total win

anticipation events) than is often used in analyses of MID task data (Balodis et al., 2012).

Future studies using more of each specific event type are needed to explore possible effects

of reward/loss magnitude on BOLD signal responses among cannabis-dependent individuals

in a systematic manner.

Both higher (Nestor et al., 2010; Jager et al., 2013) and lower (van Hell et al., 2010) VS

activity during reward anticipation has been previously reported among cannabis users; thus,

the extent to which these findings reflect differences in cannabis dependence in comparison

to other addictive disorders warrants additional investigation. However, multiple possible

reasons for the differences in findings exist. Unlike previous studies (e.g., van Hell et al.,

2010; Filbey et al., 2013), all but one of the cannabis-dependent participants in this study

were referred to treatment by the criminal justice system, possibly suggesting a more severe

or distinct clinical profile. Further, the version of the MID task used in this study differs

from that used in previous fMRI studies of cannabis abuse/dependence (Nestoer et al., van

Hell et al., Filbey et al., 2013) in two important aspects (Andrews et al., 2011). Firstly, the

modified MID task was designed to separate reward prospect (A1) and reward anticipation

(A2) phases which are combined in other versions of the MID (Knutson, 2001). Secondly,

the version of the MID used here does not include a working memory component as is uses

explicit monetary cues (e.g., ‘WIN $1’) rather than symbols (as in the original MID

designed by Knutson and colleagues (2001). Thus, differences in both task designs and

study populations may account for the differences between our findings and those reported

in previous studies. Future studies could aim to compare differences in reward anticipation

and prospect phases between cannabis-dependent individuals who are mandated to attend

treatment versus those who are not.

In comparison to HC participants, non-abstinent cannabis-dependent participants

demonstrated greater activation within the caudate while processing losing outcomes. By

contrast, no differences in caudate activity were observed between HC participants and

subsequently abstinent individuals with cannabis dependence, suggesting that differences in

striatal reactivity may relate to treatment outcomes. This finding is also reminiscent of our

previous report of a positive association between pretreatment activity in VS and duration of

abstinence among individuals with cocaine dependence (Brewer et al., 2008), suggesting

that alterations within the striatum may contribute to the success/failure of abstinence

attainment across multiple addictions. However, given the small samples and differences in

tasks employed across studies, additional research is needed to examine these possibilities.

In contrast to the increased VS activity observed among cannabis-dependent individuals

during the receipt of losing outcomes, we did not observe differences in VS activation in

response to winning outcomes. This finding is partially consistent with recent data

suggesting differential responses to rewards versus losses among individuals with cannabis

dependence (Filbey et al., 2013). Thus, future research should further explore neural
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responses to positive versus negative incentives in cannabis dependence and their

relationship to treatment outcomes.

The striatum is involved in motivational control processes related to addictions, in the

encoding of rewarding and aversive stimuli and in affiliative processes such as trust, social

cooperation and empathy (Montague et al., 2004; Bora et al., 2009; Everitt and Robbins,

2013). Thus, it is possible that the altered engagement of the caudate seen prior to treatment

among participants who did not subsequently achieved longer durations (3+ weeks) of

abstinence during treatment (in comparison to HC participants) may relate to an altered

ability to appropriately process negatively valenced stimuli and/or engage in emotionally

salient aspects of behavioral therapies, as has been suggested previously (Forbes et al.,

2010). An alternative, related hypothesis is that individuals with increased caudate activity

during loss outcome processing may be more sensitive to negatively valenced stimuli, and

therefore have greater difficulty in coping with other aversive states – such as withdrawal

from cannabis – and thus may be less likely to achieve sustained abstinence. However, both

of these possibilities remain speculative and warrant additional investigation.

The observed differences in BOLD responses during the processing of losing outcomes were

found in the right (pFWE<.003) but not left VS (pFWE=.09). This lateralization may relate

to individual differences in handedness (data on which was not available for all

participants), and clarification of this issue will be important for future studies.

4.2. Structural findings

Findings from previous structural MRI studies of chronic cannabis use have been mixed, as

both higher, lower and no differences in volumes within multiple GM structures have been

reported across comparisons with HC samples (Batalla et al., 2013). However, to our

knowledge, this is the first GM volumetric study conducted among individuals meeting

DSM-IV criteria for cannabis dependence. Given its central role in reward processing and in

experiences of marijuana craving (Cousijn et al., 2013; Goldman et al., 2013), we focused

our analyses on the striatum (i.e., caudate and putamen). Partially consistent with our

secondary hypothesis, individuals with cannabis dependence (relative to HC participants)

demonstrated significantly smaller putamenal volumes bilaterally. By contrast, there were

no differences in caudate volumes among individuals with cannabis dependence when

compared to HCs. We believe that this is the first report of striatal structural differences

among individuals with cannabis dependence or with heavy cannabis use.

Although the etiologies of the currently observed structural and functional differences are

unknown, multiple possibilities exist. Administration of exogenous cannabinoids such as Δ9-

tetrahydrocannabinol (THC) – the primary psychoactive component of cannabis – increases

dopamine release within the striatum via the activation of cannabinoid CB1 receptors

(Bossong et al., 2008). In chronic substance abuse (i.e., long-term, non-medical use), such

repeated drug-induced increases in dopamine may trigger neuroadaptations (e.g., in

dopamine transporters (DAT) (Chang et al., 2007) or brain glucose metabolism (Volkow et

al., 1993)) that persist beyond the acute effects of the drug have abated and contribute to the

maintenance of addictive behaviors (Koob and Volkow, 2009; Volkow et al., 2009). Thus, it

is possible that the reduced putamenal volumes or VS activations observed in this study may
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relate to neurochemical alterations in glucose metabolism and/or DAT availability within

these regions (Schlageter et al., 1987; Kim et al., 2006; van Wingen et al., 2013). This

interpretation is consistent with reductions in glucose metabolism within the putamen among

young men with cannabis dependence (Sevy et al., 2008) and findings of decreased striatal

DAT availability among individuals with both cannabis and tobacco use (Leroy et al., 2012).

However, further studies explicitly examining the relationship between these factors and

GM structures among individuals with cannabis dependence are needed to test these

hypotheses.

There was a main effect of group (abstinent, non-abstinent, HC) on putamenal volume, such

that non-abstinent – but not abstinent – cannabis-dependent participants exhibited lower

putamenal volumes compared to HC participants. Interestingly, this finding is consistent

with a recent study reporting lower pretreatment putamenal volumes among non-abstinent

versus abstinent tobacco smokers (Froeliger et al., 2010), suggesting that differences in

putamenal structure might relate to treatment responses across different addictive disorders.

Preclinical data have demonstrated that the putamen is critically involved in the learning of

action-outcome contingencies, e.g., damage to the dorsolateral striatum/putamen disrupts

habit formation in rats (Yin et al., 2004; Pierce and Vanderschuren, 2010). Thus, it is

possible that individuals with diminished putamenal volumes might be less responsive to

behavioral therapies such as CM due to a decreased ability to acquire new action-outcome

contingencies, although this possibility currently remains very speculative. While further

research is needed to test this latter hypothesis, our findings – along with complimentary

data from a study of nicotine dependence (Froeliger et al., 2010) – nonetheless suggest that

pretreatment putamenal volumes may relate importantly to treatment responses among

individuals with addictions. Future studies should examine the efficacy of medications

influencing neural structure and function within the striatum (e.g., varenicline; Crunelle et

al., 2011) as an adjunct to behavioral therapy for cannabis- and other substance-use

disorders (Crunelle et al., 2011; van Wingen et al., 2013).

4.3. Strengths and limitations

This study has several strengths, including its combination of structural and functional

imaging data analyzed using well-validated techniques (Jia et al., 2011; Patenaude et al.,

2011) and the careful characterization of a group of cannabis-dependent individuals on

multiple clinical variables. However, the cannabis-dependent and HC groups were not

matched for daily tobacco use. Previous studies suggest significant effects of tobacco use on

brain function and structure (e.g., Brody et al., 2004; Froeliger et al., 2013); thus, our

findings may have been confounded by tobacco smoking in the cannabis-dependent group.

However, the rate of tobacco use (75%) among the cannabis-dependent participants included

in this study was equivalent to that found in the parent RCT (74%; Carroll et al. 2012).

Tobacco use is common among cannabis-dependent individuals (Stinson et al. 2006). As

such, excluding individuals with tobacco use might have limited the generalizability of our

findings (Peters et al., 2012). Future studies of cannabis dependence should seek to examine

possible influences of tobacco use on brain structure and function.
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The study is further limited by the absence of female participants and the relatively modest

sample size, which prevented us from exploring influences of treatment type (CBT, CM or

combined CBT and CM) on abstinence. Given the relatively small number of cannabis-

dependent participants who did not achieve 21 days of consecutive abstinence (n=7), the

study had limited power to detect between-group differences within cannabis-dependent

participants (abstinent versus nonabstinent). Thus, an important future direction will be to

replicate and extend these findings in larger samples.

The potential of using pretreatment neurobiological characteristics to ‘predict’ longer-term

outcomes remains controversial, thus our findings should be interpreted cautiously.

Additionally, future studies should obtain MRI measures following treatment in order to

examine the extent to which treatment might alter brain structure and function. Such

research might further clarify the construct validity of studying pretreatment neural

characteristics. The current findings nonetheless provide important preliminary evidence

suggesting that individual differences in brain function and structure prior to treatment relate

to individual variability in response to behavioral therapies for cannabis dependence.

4.4. Conclusions

The effectiveness of current behavioral treatment options for cannabis dependence remains

suboptimal (Denis et al., 2006; Kadden et al., 2007; Carroll et al., 2012; Danovitch and

Gorelick, 2012), and it is unclear why some individuals respond preferentially to treatment.

The current findings suggest that pretreatment brain structure and function within the

striatum relate to outcomes following behavioral treatments for cannabis dependence. These

findings are similar to those previously reported among individuals with other substance-

related disorders (Froeliger et al., 2010; Brewer et al. 2008). The striatum is involved in

affiliative processes which may be important for successful engagement in therapy, e.g.,

social cooperation and empathy (Montague et al., 2004; Bora et al., 2009; Everitt and

Robbins, 2013). Moreover, given the role of the striatum in associative reward-learning

(Schönberg et al., 2007), one hypothesis is that heightened functional responsivity to

negative outcomes accompanied by decreased structural volume may relate to faulty

stimulus-response learning which could influence the acquisition of new adaptive skills

during behavioral treatments for addictions. However, this possibility is speculative and

warrants further investigation. Further research is needed to determine the extent to which

behavioral treatments for cannabis dependence might impact directly on brain function and

structure (e.g., post-treatment changes in neurobiology), whether pretreatment function and

structure themselves directly predispose to treatment responses, or both.
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Figure 1.
A shows cluster-level corrected whole-brain comparisons of cannabis dependent (CB)

participants versus healthy comparison (HC) participants (pFWE<.05) during the

presentation of losing outcomes (versus neutral outcomes).

B shows the anatomical caudate ROI which was used to extract individual participants’

signals (plotted in Figure 1C).

C shows mean (± standard error) signal change within caudate ROI for abstinent individuals

with cannabis dependence (CB+), non-abstinent individuals with cannabis dependence (CB

−) and healthy comparison (HC) participants. R=right, L=left.
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Figure 2.
ROI = region of interest; CB+ = non-abstinent cannabis dependence; CB− = abstinent

cannabis dependence; HC = healthy comparison

A shows bilateral structural putamen ROIs (Harvard-Oxford Subortical Structural Atlas).

B shows mean (± standard error) putamen volumes for the right and left putamen among

non-abstinent cannabis-dependent participants (CB+), abstinent cannabis-dependent

participants (CB−) and healthy comparison (HC) participants.

In comparison to healthy comparison participants, non-abstinent cannabis dependent

participants had significantly reduced left and right putamen volumes (F= 7.13, p= .04; F=

5.95, p= .02). After controlling for total tissue volume, these reductions remained significant

(F=6.82, p=.01, F=4.69, p=.04). There were no significant differences in left or right

putamen volume between abstinent cannabis dependent participants and healthy comparison

participants (p’s > .1).
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Table 1A

Demographic and clinical characteristics of participants with cannabis dependence and healthy comparison

participants.

CB (n = 20) HC (n= 20 )

Mean St. Error Mean St. Error F p

Age 26.65 2.19 29.2 2.25 0.66 0.42

Shipley IQ 93.1 2.86 108.42 2.36 16.85 0.0002

n % n % χ 2 p

Gender (male) 20 100.00 20 100.00 - -

Ethnicity 1 5.00 1 5.00 0.00 1.00

Race

 African American 12 60.00 7 35.00 7.87 0.05

 Caucasian 5 25.00 13 65.00

 Hispanic* 1 5.00 0 0.00

 Biracial** 2 10.00 0 0.00

Married/Serious

Relationship 1 5.00 1 5.00 0.00 1.00

Employed *** 10 50.00 7 63.16 0.69 0.41

Tobacco user 15 80.00 2 10.00 17.29 <.0001

*
One cannabis-dependent participant reported their race as hispanic

**
Indicates half African American and half Caucasian

***
Information on employment status missing for one healthy comparison participant
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Table 1B

Demographic and clinical characteristics of cannabis-dependent participants who achieved 21-days of

consecutive abstinence

Abstinent (n=13) Not Abstinent
(n=7)

Mean St. Error Mean St. Error F p

Age 28.31 3.12 23.57 5.8 1.07 0.32

Shipley IQ 93.77 3.77 91.86 4.57 0.10 0.76

n % n % χ 2 p

Gender (male) 13 100.00 7 100.00 - -

Ethnicity 1 7.70 0 0.00 0.57 0.45

Race/Ethnicity

 African American 9 69.20 3 42.90 2.64 0.45

 Caucasian 2 15.40 3 42.90

 Hispanic* 1 7.70 0 0.00

 Biracial** 1 7.70 1 14.30

Married/Serious Relationship 1 7.70 0 0.00 0.57 0.45

Employed 7 53.80 3 42.90 0.22 0.64

Tobacco user 8 61.50 7 100.00 3.59 0.06

Co-occurring disorders ***

 Current major depression 0 0.00 1 14.30 1.96 0.16

 Lifetime major depression 1 7.70 1 14.30 0.22 0.64

 Current anxiety disorder 0 0.00 0 0.00 - -

 Lifetime anxiety disorder 1 7.70 0 0.00 0.57 0.45

 Current alcohol abuse 1 7.70 0 0.00 0.57 0.45

 Lifetime alcohol use disorder 4 30.80 4 57.10 1.32 0.25

Substance use pretreatment Mean St. Error Mean St. Error F p

 Years of cannabis use 14.38 3.33 8.72 1.89 1.4 0.25

 Age of first cannabis use 13.38 0.46 14.14 0.59 0.98 0.34

 Days pretreatment cannabis
 use 16.15 2.69 20.14 4.05 0.72 0.41

 Days pretreatment alcohol use 4.15 1.49 3.43 1.38 0.10 0.75

 Composite ASI cannabis score 0.24 0.04 0.33 0.13 0.56 0.46

 Composite ASI alcohol score 0.04 0.01 0.05 0.01 0.04 0.85

 Composite ASI other drug score 0.02 0.01 0.00 0.00 0.89 0.36

n % n % χ 2 p

Treatment-seeking 1 7.70 0 0.00 0.57 0.45

*
One cannabis-dependent participant reported their race as Hispanic

**
Indicates half African American and half Caucasian

***
Healthy comparison participants were excluded for co-occurring disorders

ASI= Addiction Severity Index
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