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Abstract

Cannabis Use Disorder (CUD) affects ~50 million individuals worldwide and is associated with alterations in brain reward pathways. Mindfulness-
based interventions (MBIs) show promise in reducing substance use and aberrant brain function in substance use disorders (SUD), but the effects
on CUD or brain reward function have not been investigated. To examine whether a 2-week MBI vs. active control (i.e., closely matched relaxation)
and passive control (i.e., no intervention) affected brain reward function in CUD using the Monetary Incentive Delay fMRI task, 49 individuals with
moderate-to-severe CUD were randomised to: a 2-week MBI (n = 18), active control condition (n = 15), or passive control condition (n = 16), and
assessed before and after the intervention. The effect of intervention-by-time was analysed using an exploratory whole-brain approach and a priori
regions-of-interest approach (ROIs; ventral striatum, dorsal caudate, putamen, insula, cingulate, and orbitofrontal cortices). Whole-brain results
revealed significant intervention-by-time effects. Post-MBI, there was: decreased cerebellum activity while anticipating monetary cues, increased
parietal activity while receiving monetary wins, and decreased fusiform/superior frontal gyri (SFG) activity while receiving monetary wins. Post-
relaxation, activity increased in several regions (i.e., hippocampus, insula, parietal cortex, fusiform, and SFG) during the receipt of monetary wins.
Post-no intervention, activity increased in the cerebellum while anticipating monetary cues, and decreased in other areas (i.e., parietal cortex,
hippocampus, and insula) while receiving monetary wins. There were no significant intervention-by-time effects using the ROl approach. Overall,
MBI, matched relaxation, and no intervention may share changes in partially overlapping brain regions in distinct directions.

1. Introduction

Cannabis use disorder (CUD) affects ~ 50 million people globally (Leung et al., 2020; United Nations Office on Drugs and Crime, 2024). CUD has
been associated with frequent attempts to cut down or quit use (Hughes et al., 2016), affective flattening, apathy, anhedonia (Skumlien et al.,
2021), and a high risk of relapse (Connor et al., 2021). Prominent neuroscientific theories posit that addiction is underscored by altered prefrontal-
striatal-insular brain function during reward processing (e.g., dorsal and ventral striatum, insula, anterior cingulate cortex [ACC], and orbitofrontal
cortex [OFC]), which manifests as increased response to drug reward and decreased response to non-drug reward (Everitt & Robbins, 2016; Koob &
Volkow, 2016; Robinson & Berridge, 2025). Although these theories are primarily based on substances other than cannabis, altered brain reward
function has been documented in people who consume cannabis and meet criteria for CUD (Beyer et al., 2024; Skumlien et al., 2021), including
more severe forms of CUD (Beyer et al., under review). Specifically, in CUD, changes in brain activity during the receipt of monetary wins have been
reported in selected brain pathways (Beyer et al., under review) implicated in habit formation (e.g., dorsal striatum) and interoception (e.g., insula;
Everitt & Robbins, 2016; Koob & Volkow, 2016). As such, it is imperative to explore new interventions that target potentially aberrant brain reward
function in CUD.

Mindfulness-based interventions (MBIs) involve directing individuals to pay attention to the present moment and their experience without judgment
or attachment (Kabat-Zinn, 2003). MBIs have been suggested to target brain pathways implicated in addiction-relevant cognitive processes,
including: interoception (e.g., insula), habit formation (e.g., dorsal striatum), memory (e.g., hippocampus), metacognitive attention (e.g., ACC, and
parietal cortex), and reappraisal (e.g., OFC; Garland & Howard, 2018). Further, MBIs have been proposed to help restore reward processing (e.g., in
prefrontal-striatal pathways) by shifting attention away from drug-related rewards back to natural rewards that were salient before addiction
developed (Garland et al., 2014). Only three studies have examined MBIs in cannabis users (de Dios et al., 2012; Schneegans et al., 2022; Stanger
et al.,, 2025). de Dios et al. (2012) found that after two face-to-face sessions of MBI (combined with motivational interviewing), the number of days
cannabis was used was significantly lower at the 3-month follow-up. The other two studies found no significant differences between MBIs and
treatment as usual in people who used cannabis regularly (Schneegans et al., 2022; Stanger et al., 2025). Meanwhile, emerging functional
neuroimaging (fMRI) evidence examining the neurobiological changes underlying MBIs for SUDs has shown changes in brain activity in prefrontal-
striatal pathways (e.g., striatum, ACC; Lorenzetti et al., 2023); and MBI-related brain changes were associated with lower drug quantity, lower drug
craving, and greater mindfulness levels (Lorenzetti et al., 2023). Yet, how MBIs affect brain reward function in CUD remains unexamined.

Despite the potential for improved brain outcomes in SUDs, to date, none of the fMRI studies that examined the impact of MBls on brain integrity
included participants who were confirmed to meet criteria for a CUD. Furthermore, the evidence lacks repeated-measures studies using active and
passive control interventions, which have prevented an assessment of MBI-specific changes. As a result, fMRI research with rigorous designs is
needed to understand how MBIs influence brain reward function in CUD.

To address this gap, the primary aim of this study was to investigate whether a brief MBI targeting cannabis craving, compared to a closely-
matched active control condition (i.e., relaxation) and passive control (i.e., no intervention), could change brain reward function in people with a
moderate-to-severe CUD, who have tried to cut down or quit using cannabis in the past 24 months. In line with evidence on MBI-related brain
changes in SUDs (Lorenzetti et al., 2023), it was hypothesised that a MBI, compared to an active and a passive placebo, would change brain reward
function in regions implicated in addiction, and in MBI-targeted processes, including reward processing (e.g., striatum), interoception (e.g., insula),
memory (e.g., hippocampus), metacognitive attention (e.g., ACC, parietal cortex), and reappraisal (e.g., OFC; Garland & Howard, 2018). The
secondary aim was to explore how intervention-related brain changes correlated with measures of intervention compliance, MBI, relaxation, and
cannabis use-related metrics, including cannabis use over the past two weeks.

2. Experimental Procedures
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This study was nested within a larger pre-registered project (http://www.isrctn.com/ISRCTN76056942), and received ethical approval by the
Australian Catholic University Human Research Ethics Committee (HREC ID: 2019-71H).

2.1 Participants

Participants were recruited from the general community in the Melbourne metropolitan area via online advertisements (e.g., Facebook) and local
flyers between 2019 and 2022. We recruited adults aged 18-55 years, who (i) met DSM-5 criteria for moderate-to-severe CUD, defined as four or
more symptoms, confirmed by the Structured Clinical Interview for DSM-5 (SCID-5-RV; First et al., 2015), (i) had attempted to quit cannabis use at
least once in the last 24 months month, and (iii) used cannabis daily or almost daily in the last 12 months. A detailed description of the study’s
inclusion and exclusion criteria is outlined in Supplementary Section 1.1.

2.2 Testing Protocol

The testing protocol included three phases: i) baseline face-to-face assessment, which included pre-intervention testing, and concluded with the
administration of the first brief intervention session, ii) 2-week off-site intervention, and iii) follow-up face-to-face assessment, ~ 2 weeks later,
starting with the delivery of the last brief intervention session and continuing with the post-intervention assessment. Face-to-face testing was
conducted at the Monash Biomedical Imaging facility in Clayton, Melbourne, Australia.

2.3 Randomisation and Blinding

To investigate the effects of MBI vs. active placebo vs. passive placebo on brain reward function, a double-blind, randomised control trial (RCT)
was conducted. Participants and outcome assessors were blind to participants’ allocation to either of the three intervention conditions, which were
assigned by a study co-ordinator who was not involved in blinded data collection. The study co-ordinator implemented block randomisation
stratified by age (i.e., 18-24, 25-35, 36-55) and sex (i.e., males and females), assigning participants to groups in a 1:1:1 ratio. Senior researchers
and trained student researchers were blind to participant allocation for the non-intervention section of the assessment, and an unblinded
researcher conducted the intervention component of the study. Participants and researcher blinding was achieved through personnel and
documentation that referred to all conditions as ‘daily task’ or ‘brief strategies’ and the ‘BrainCann study’, without mentioning ‘mindfulness’ or
‘relaxation’.

2.4 Face-to-face Testing Procedure

A detailed description of the testing measures and intervention protocol is outlined in Supplementary Sections 1.2-1.3.

2.4.1 Baseline Assessment

The face-to-face baseline assessment lasted ~ 5 hours and included several assessments in addition to the ones described below, which are
outlined in the study's registration.

2.4.1.1 Baseline: Pre-Intervention

Participants were required to provide a urine sample to confirm the level of cannabis metabolites, specifically 11-nor-delta-9-tetrahydrocannabinol-
9-carboxylic acid: creatinine (THC-COOH: creatinine). The pre-intervention session consisted of: i) study explanation, questions and participants

written informed consent; ii) MRI safety protocols and MRI scan including the MID fMRI task to measure brain reward function; iii) semi-structured
interviews relating to substance use, CUD; iv) 1Q testing; v) self-reported questionnaires measuring substance use, mental health, and mindfulness.

2.4.1.2 Baseline: First Delivery of Intervention, at the End of Testing

The unblinded researcher, who was aware of participants’ group allocation, instructed the participants on how to complete the intervention for the
first time. All participants received a link to where they could access their assigned audio-recorded intervention. A backup USB stick containing the
intervention recording was also provided in case they did not have access to Wi-Fi. The intervention is described in the section below.

2.4.1.2.1 Content of the Interventions

The practices involved listening to a 7-minute audio recording of either mindfulness or relaxation instructions, which were adapted from previous
scripts used with hazardous drinkers (Kamboj et al., 2017) and were tailored for cannabis. The intervention scripts are provided in the
Supplementary Section 1.4, Table 1.

2.4.2 Follow-up Face-to-Face Assessment

The follow-up face-to-face assessment, conducted after the 2-week intervention, was largely identical to that of the baseline assessment, with a
few noted exceptions.
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The intervention (i.e., MBI or relaxation) was completed at the start of follow-up testing, directly after participants provided informed consent.
Second, some measures were not re-administered at follow-up as they were redundant (i.e., socio-demographic data, lifetime of cannabis use
history) or not sensitive to change (e.g., 1Q, Structured Clinical Interview for DSM-5 Research Version [SCID-5-RV]). The follow-up testing concluded
with debriefing and reimbursing all participants with a A$150 Coles-Myer voucher.

2.5 Two-Week Intervention between Baseline and Follow-Up

Three intervention conditions (i.e., MBI, relaxation, and no intervention) were conducted off-site, daily for ~ 2 weeks between baseline and follow-
up face-to-face testing. The MBI and relaxation conditions were delivered via the 7-minute audio file. Participants in the no intervention condition
did not complete an intervention, but like those in the MBI and relaxation conditions, they completed daily items measuring cannabis consumption.

2.6 Statistical Analysis

All behavioural data analyses and correlations were run using SPSS (version 30).

2.6.1 Sociodemographic Descriptives

Normality checks were conducted for each socio-demographic variable (Supplementary Section 1.5). A series of ANOVAs were used to examine
the effects of the intervention conditions (i.e., MBI, relaxation, no intervention), time (i.e., baseline and follow-up), and intervention-by-time on socio-
demographic data for context.

2.7 Neuroimaging Procedure

All participants were scanned using a 3T Skyra MRI scanner at the Monash Biomedical Imaging facility, using acquisition parameters outlined in
Supplementary Section 1.16.

2.7.1 Monetary Incentive Delay (MID) fMRI Task

A modified version of the original MID fMRI task (Knutson et al., 2001) was used to measure brain reward function during the anticipation and
receipt of monetary rewards, illustrated in Fig. 1 (Hoogendam et al., 2013). The instructions for the MID task are in Supplementary Section 1.7.

2.7.2 fMRI Task Design

The fMRI task ran for 9 minutes and 36 seconds. Participants underwent 20 practice trials to confirm their understanding of the task and to adjust
the task to each participant's mean reaction times (RTs). The fMRI task was programmed to allow participants to press the button fast enough to
win approximately 50% of the trials, which were presented in randomised order (i.e., 15 reward trials out of 30, same for the neutral trials).

During the 30 neutral trials, participants were able to win if they hit the button fast enough, but they did not receive any money. Participants
completed 30 reward trials, represented by a smiley face cue, and 30 neutral trials, represented by a neutral face. Each cue was presented for 750
ms. Then, a star symbol appeared for a mean duration of 3,286 ms (range: 779-6,729 ms), indicating the task's anticipatory phase, followed by an
inter-trial interval with a mean duration of 3,535 ms (range: 1,029 - 6,979 ms). Then, participants saw an exclamation mark, which indicated that
they needed to press a button as quickly as possible to be able to win if they were fast enough. Finally, participants received feedback on their
performance on the screen, including whether they won money and their cumulative total. Participants could win a total of A$15. This was virtual
money; participants understood they would not receive this sum in actual AS (see Fig. 1).

2.8 fMRI Data Analyses

The data was pre-processed and quality-checked using fMRI prep https://fmriprep.org/en/stable/ (Esteban et al., 2019). Supplementary Section
1.8 outlines fMRI data pre-processing and extraction of ROI data values.

2.8.1 First Level Analysis

We examined three contrasts: i) anticipation of monetary cues vs. anticipation of neutral cues, ii) receipt of monetary wins vs. receipt of neutral
wins, and iii) receipt of monetary wins vs. receipt of monetary missed wins. A detailed description of the first-level analysis is outlined in
Supplementary Section 1.8.2.

2.8.2 Second-level Analysis: Whole Brain Voxel-Wise

The main statistical tests were conducted using a flexible factorial design in SPM version 12, with the following factors: intervention condition (i.e.,
MBI, active placebo, passive placebo), time (i.e., baseline, follow-up), and intervention-by-time effect (2 x 3 = 6 levels). Age and sex were included
as covariates. Significant intervention-by-time interactions were examined using an Fcontrast, with cluster-level family-wise error (FWE)
corrections at p=0.05, with an initial cluster-defining threshold of p=0.001 and a minimum cluster size of 40 voxels. Values from the significant
area were extracted from the whole-brain analyses, and a line plot was created to illustrate the direction of the effect. Post-hoc analyses were used
to examine the within-group changes.
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2.8.3 ROI Analysis

ROI analyses were performed in a priori regions (i.e., ventral striatum, insula, putamen, dorsal caudate, ACC, and OFC) identified as crucial for brain
reward function, during anticipation of rewards and receipt of rewards, by previous work administering the MID fMRI task to normative samples
(Chen et al., 2022; Hoogendam et al., 2013; Oldham et al., 2018).

ROIs were defined using the Anatomic Automatic Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and generated using the WFU PickAtlas
Toolbox implemented in SPM (version 12). Specifically, the ventral striatum and dorsal caudate were defined as parts of the caudate nucleus
located above and below the Z =0 mm plane. The OFC included the orbital sections of both the middle and superior frontal gyri. The ACC
comprised the anterior and medial parts of the cingulate cortex. All other ROIs matched the anatomical regions defined in the AAL atlas. All ROIs
were visualised on representative MNI slices at y = 8 (coronal) and z = -8 (axial) (Supplementary Section 1.8.3, Fig. 1). Mean beta values within
each ROl were extracted by overlapping the ROl masks with the three contrast-of-interest maps generated at the first-level analysis.

We ran separate repeated-measures analysis of covariance (ANCOVAs) for each ROI, with time as a within-subjects factor (i.e., baseline, follow-up),
intervention condition as a between-subjects factor (i.e., MBI, active placebo, passive placebo), and age and sex as covariates.

2.8.4 Brain-Behaviour Correlations

Spearman’s rank correlations were run to investigate if any significant brain changes that occurred pre-to-post each intervention condition
correlated with measures of: (i) intervention compliance, measured by the number of days the audio track was listened to, divided by the total
duration of intervention days, and converted into a percentage; (i) mindfulness measures (i.e., ATMS [administered pre-intervention at follow-up
minus pre-intervention at baseline]), (iii) relaxation measures (i.e., AVAS relaxation; [administered pre- intervention at follow-up minus pre-
intervention at baseline]), and (iv) perceived stress (i.e., APSS; at follow-up minus baseline).

3. Results

3.1 Sample Characteristics

Table 1 outlines the baseline sample socio-demographic, substance use, and mental health characteristics in N = 49 participants with a moderate-
to-severe CUD (15 females, 34 males), with a mean age of 27 years (range: 18 — 56 years). Participants were allocated to either MBI (n=18),
relaxation (n = 15), or no-intervention (n = 16).

Table 1. Overview of Mean (SD) or Median [range] Socio-Demographic, Substance Use and Mental Health Characteristics at Baseline
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Variable MBI Relaxation No Intervention
N, total [F] 18 [5] 15[5] 16 [5]
Age, yrs 27.63 (7.51) 28.87 (9.03) 25.44 (5.33)
Handedness [Left] 18[1] 15[1] 16 [2]
Education, yrs 14.32 (2.52) 15.26 (2.15) 16.72 (3.16)
1Q (WASI-II) 108.46 (9.73) 105.13 (8.90) 104.60 (9.68)
Alcohol AUDIT 7.39 (4.86) 5.60 (3.83) 8.87 (4.44)
use days/month 7.22(7.15) 3.47 (3.25) 8.75(8.12)
Standard drinks/month 37.43 (56.36) 20.93 (35.48) 42.79 (57.37)
Nicotine FTND 1.28 (2.14) 1.33(1.63) 1.00 (1.46)
Days/month 17.17 (15.50) 14.50 (13.29) 12.00 (13.90)
N cigarettes/vapes/month 130.90 (230.96)  78.00 (84.16) 53.58 (92.12)
Cannabis CUD symptoms N 7.22 (1.66) 7.07 (2.09) 6.94 (2.02)
CUD (CUDIT) 15.89 (4.83) 17.20 (5.09) 16.13 (5.82)
Days/past month 27.61 (3.99) 26.00 (4.93) 23.62 (6.09)
Grams/past month 29.64 (23.59) 29.37 (23.87) 21.00 (16.73)
Age of first use, years (CUI) 17.45 (4.25) 15.72 (1.74) 16.79 (2.04)
Age of regular use, years (CUI)  19.30 (4.91) 17.43 (2.20) 19.33 (2.95)
Hour last use 16.23 (1.62) 25.06 (15.16) 23.64 (15.45)
Withdrawal (CWS) 37.89 (29.86) 37.93(28.22) 30.00 (28.49)
Motivation Ladder 5.50 (1.76) 4.53 (2.13) 5.80(1.61)
THC-COOH:creatinine ng/mg 222.89 (243.40) 259.17 (195.19)  178.50 (228.28)
Apathy (AES) 30.83 (6.45) 30.67 (8.00) 33.27 (7.65)
Intervention  Duration, days 9.22 (3.37) 9.73 (3.84) 11.00 (2.48)
Compliance % 53.93 (18.05) 62.63 (27.34) 75.98 (15.62)

Note. N = sample size; SD = standard deviation; F= Female; WASI-Il = Wechsler Abbreviated Scale of Intelligence, 2nd Edition; AUDIT = Alcohol Use
Identification Test; /month = in the past month; Age of Onset and Age of Regular Use was measured by Cannabis Use Intervention [CUI],
Cannabis/nicotine/alcohol days/hours/grams per month measured by Timeline Follow-Back [TLFB]; CUD symptoms measured by Structured
Clinical Interview for DSM-5 Research Version [SCID-5-RV]; CWS = Cannabis Withdrawal Scale; Motivation to Change measured by the Marijuana
Ladder [ML]; FTND = Fagerstrom Test for Nicotine Dependence; THC-COOH = 11-nor-delta-9-tetrahydrocannabinol-9-carboxylic acid; ng/mg =
nanograms per milligram.

3.1.1 Cannabis Use, Mental Health, and Mindfulness Characteristics

Table 2 presents descriptives that were measured at baseline and follow-up, by intervention condition, time, and intervention-by-time. There were
no significant effects on sample characteristics, except for an intervention effect whereby the MBI condition showed significantly greater cannabis
use days over the past 2 weeks than the no-intervention condition (i.e., mean difference of 2.47 days).

Table 2. Overview of Mean (SD) and Median [Range] for Sample Characteristics Measured at Baseline and Follow-Up for the MBI, Relaxation, and
No Intervention Conditions
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Variables

Cannabis

Mental Health

Mindfulness

™S

FFMQ

Days/past
~2weeks

Grams/past
~2weeks

Hour last
use

Withdrawal
(CWS)

Depression
(BDI-IT)

State
anxiety
(STAI-Y)

Perceived
stress
(PSS)

pre-

decentring

observing

describing

awareness

non-judging

non-
reactivity

MBI

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

BL

FU

14.83
4.71)

13.78
(4.75)

15.74
(15.65)

14.5
(15.46)

16.23
(1.62)

26.57
(34.08)

37.89
(29.86)

40.50
(28.28)

12.17
(6.05)

8.22
(5.56)

34.56
(10.19)

34.61
(9.09)

18.00
(8.49)

19.33
(8.25)

13.22
(4.57)

13.17
(5.32)

27.22
(6.37)

28.33
(5.47)

30.61
(5.54)

29.17
(7.13)

26.17
(4.89)

25.33
(4.91)

27.33
(8.52)

29.06
(7.79)

21.50
(4.74)

21.56
(4.95)

Relaxation No

14.15
(3.16)

13.53
(4.82)

21.03
(18.76)

17.28
(20.67)

25.06
(15.16)

20.63
(14.47)

37.93
(28.22)

44.27
(34.27)

9.93
(6.99)

10.47
(7.47)

31.53
(5.93)

33.00
(7.36)

14.47
(6.00)

16.87
(6.48)

14.20
(4.97)

13.20
(4.43)

28.00
(5.69)

27.67
(4.87)

29.27
(6.57)

29.60
(6.61)

27.33
(6.50)

26.07
(6.97)

27.07
(7.29)

28.73
(7.70)

22.53
(4.12)

22.87
(4.24)

Intervention
12.07
(3.05)

11.13
(3.36)

11.87
(5.96)

7.03 (5.40)
23.64
(15.45)

22.66
(10.67)

30.00
(28.49)

32.40
(28.10)

9.60 (7.39)
9.07 (9.00)
29.60

(8.69)

30.33
(9.80)

14.40
(7.98)

15.07
(7.57)

13.63
(5.57)

13.31
(4.00)

25.20
(6.65)

25.07
(6.99)

26.73
(8.08)

27.47
(7.74)

25.93
(7.51)

25.53
(6.89)

26.80
(8.28)

28.80
(7.85)

23.40
(5.29)

23.87
(4.39)
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Intervention
Fdf=2) p
3.86 .025*
2.96 .057
.09 916
.96 .387
15 .858
2.31 .105
2.47 .091
.10 914
2.02 139
1.45 .239
24 787
.02 978
1.70 .189

Time

Fdf=1) p
1.04 .310
1.08 .302
.19 .661
.39 .534
.82 .366
.18 .674
.89 .347
.20 .644
.03 .862
.01 .930
A2 .518
1.22 272
.09 .766

Intervention*Time

F(d=20)
.02

A2

1.48

.04

.92

.05

10

.10

14

.23

.04

.00

.02

p
.977

.885

.233

.958

403

.948

.905

922

.868

792

.965

.996

.983




Relaxation (VAS) Pre-audio BL 6.44 7.20 7.56 (2.28)  1.42 248 29 594 1.09 341
session (2.41) (2.18)
FU 7.44 6.60 7.88 (1.93)
(1.79) (2.53)
MID Reaction Times Smile BL 239.32 241.23 24114 1.08 344 .19 142 1.47 .235
(17.67)  (26.13) (20.65)
FU  256.01 251.14 237.15
(26.02) (32.61) (21.35)
Neutral BL 247.41 24443 253.20 .35 704 .01 929 1.62 .204
(25.60)  (30.51) (47.67)
FU 254.65 253.11 235.49
(28.67)  (28.95) (25.45)

Note. SD = standard deviation; F = F-statistic; df = degrees of freedom; month = in the past month; CUD severity was measured by the CUIDT
[Cannabis Use Disorders Identification Test]; Cannabis/nicotine/alcohol days/hours/grams per month measured by Timeline Follow-Back
[TLFB]; CUD symptoms measured by Structured Clinical Interview for DSM-5 Research Version [SCID-5-RV]; CWS = Cannabis Withdrawal Scale;
FTND = Fagerstrom Test for Nicotine Dependence; BDI-Il = Beck Depression Index — II; STAI-Y = Spielberger State-Trait Anxiety Index — Y; PSS =
Perceived Stress Scale; FFMQ = Five-Factor Mindfulness Questionnaire; TMS = Toronto Mindfulness Scale; VAS = Visual Analog Scale.

3.2 fMRI Results: ROl Analysis

There were no significant effects of intervention condition, time, or intervention-by-time on the a-priori ROls, including the ventral striatum, insula,
putamen, dorsal caudate, ACC, and OFC (Supplementary Section 2.1, Tables 2-4).

3.3 fMRI Results: Whole-Brain Analysis

Table 3 overviews the intervention-by-time effects on brain activity using exploratory whole-brain analysis. In brief, MBI, active placebo, and no
intervention showed changes in brain activity in partially overlapping brain pathways and directions. Supplementary Section 2.2 overviews whole-
brain post hoc analyses and specifies the location and strength of peak cluster activation.

Table 3. Overview of the Results from Whole-Brain Analysis Examining the Effects of the Interventions Pre-to-Post MBI vs. Relaxation vs. No
Intervention on Brain Reward Function

Contrast Regions D (post minus pre) Comparison of absolute D (post minus pre) between
interventions
MBI Relaxation No D MBI D MBI DRelaxation
intervention vs. D Relaxation vs. D No vs. DNo
intervention intervention
Anticipating Monetary cerebellum (left) - = = MBI < no =
Cues > Anticipating intervention
Neutral Cues
Receipt of Receipt of  parietal (right) - = MBI < no =
Monetary Neutral intervention
Wins > Wins

hippocampus = = Relaxation <

(right), no
intervention

insula (left;

superior left),

parietal (right; left;

middle left
Receipt of  parietal (right), - - MBI < relaxation = =
Missed fusiform gyrus
Wins (right), SFG (right)

Note. ~ = decrease; = increase; D = change (post minus pre); MBI = mindfulness-based intervention; SFG = superior frontal gyrus.
3.3.1 Anticipation of Monetary Cues vs. Anticipation of Neutral Cues

3.3.1.1 Cerebellum (left)
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As shown in Figure 2, there was a significant effect of intervention-by-time on the activity of the left cerebellum during the anticipation of monetary
cues vs. neutral cues. Specifically, cerebellar activity decreased post-MBI (p <0.05; d = 1.01; large effect size), did not change post-relaxation, and
increased post-no intervention (p <0.05; d = 1.07; large effect size). The extent of cerebellar activity change was lower in the MBI condition
compared to the no intervention condition (Table 3).

3.3.2 Receipt of Monetary Wins vs. Receipt of Neutral Wins
3.3.2.1 Parietal cortex (right)

As shown in Figure 5, during the receipt of monetary wins vs. neutral wins, there was a significant effect of intervention-by-time on the right parietal
cortex. Specifically, parietal activity increased, with medium effect sizes, post-MBI and post-relaxation (p< 0.05; d= 0.76 and p< 0.05; d=0.72,
respectively). Meanwhile, parietal activity decreased post-no intervention, with a large effect size (p < 0.001; d = 1.49). The extent of parietal activity
change was lower in the MBI condition than in the no intervention condition (Table 3).

3.3.2.2 Hippocampus, Insula, and other Parietal Regions

As shown in Figure 6, in the MBI group, there was no significant intervention-by-time effect on brain activity when receiving monetary wins vs.
neutral wins. Instead, post-relaxation and post-no intervention, there were significant intervention by-time effects on the hippocampus, insula, and
parietal cortex, all with large effect sizes (p< 0.001; d = 0.96-2.1) with one exception (i.e., insula, p< 0.001; d=0.71). In these regions, activity
increases post-relaxation and decreases post-no intervention. The extent of hippocampus/insula/parietal activity change was lower in the
relaxation condition compared to the no intervention condition (Table 3).

3.3.3 Receipt of Monetary Wins vs. Receipt of Monetary Missed Wins
3.3.3.1 Parietal Cortex, SFG, and Fusiform Gyrus

As noted in Figure 7, there was a significant intervention-by-time effect on several regions when receiving monetary wins vs. missed wins. Post-
MBI, brain activity decreased in the right parietal cortex and the right SFG with strong effect sizes (p< 0.001; d=1.2 and p< 0.05; d=1.1) and in
the right fusiform gyrus, with a medium effect size (p < 0.05; d = 0.77). Post-relaxation, brain activity increased in the right parietal cortex, SFG, and
fusiform gyrus (p < 0.001; d=1.3, p< 0.01; d=1.5,and p< 0.01; d = 1.4, respectively). The extent of parietal/SFG/fusiform activity change was
lower in the MBI condition compared to the relaxation condition (Table 3).

3.4 Exploratory Correlations

There were no significant correlations between the brain changes pre-to-post each of the intervention conditions and any of the measures of
intervention compliance, changes in mindfulness/relaxation measures (i.e., DTMS, DVAS relaxation), perceived stress (DPSS), and cannabis
days/past ~2 weeks.

4. Discussion

This is the first RCT to examine whether a brief MBI that targets craving can change brain reward function in CUD, employing a robust double-blind
approach and controlling for active placebo and no intervention conditions. We found that post-MBI and post-no intervention, during the
anticipation of monetary wins, there were changes in the activity of the cerebellum, an integral part of the reward neurocircuitry (Moulton et al.,
2014; Ranjbar et al., 2021). During the receipt of monetary wins, overlapping brain regions implicated in metacognitive awareness and higher-order
cognitive control (i.e., parietal cortex, SFG, fusiform gyrus) showed differential brain activity changes as a function of the intervention, with
decreases post-MBI and post-no intervention, and increases post-relaxation in all three intervention conditions (Garland & Howard, 2018; Jiang et
al., 2011; Li et al., 2013). Further, during the receipt of monetary wins, the activity of the hippocampus, insula, and other parietal cortices involved in
MBIs for addiction changed post-relaxation and post-no intervention (Garland & Howard, 2018). Overall, MBI, matched active control, and no
intervention may share changes in partially overlapping brain regions (Luberto et al., 2020); therefore, highlighting the importance of using robust
control conditions to disentangle MBI-specific effects.

4.1 Mindfulness-Based Intervention

In line with the hypothesis, MBI was associated with changes in the parietal cortex, a region implicated in metacognitive attention (Garland &
Howard, 2018). Additionally, post-MBI, activity decreased in brain regions not consistently reported in prominent theories of MBI for SUDs (Garland
& Howard, 2018), but yet implicated in the neurobiology of cannabis use (Blest-Hopley et al., 2019; Blithikioti et al., 2019) and in cognitive
processes altered in addiction: higher-order cognitive control (i.e., parietal cortex, SFG, fusiform gyrus; Jiang et al., 2011; Li et al., 2013), and reward
processing (i.e., cerebellum; Moulton et al., 2014; Ranjbar et al., 2021). Therefore, a brief MBI targeting craving (and other interventions discussed
below) may affect core components of the reward neurocircuitry, as previously suggested (Boccia et al., 2015; Lorenzetti et al., 2023; Witkiewitz et
al., 2013). Perhaps the inconsistent location of changes reported herein and neurobiological theories of MBIs for SUDs, is due to differences in the
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parameters of the brief MBI we used in this experiment, and those of previously examined MBIs, which lasted longer (e.g., ~ 2 months) and
included samples using substances other than cannabis (e.g., nicotine, cocaine, prescription opioids; Garland & Howard, 2018). Future studies are
required to examine if the effects reported here are specific to the brief MBI implemented or if they generalise to other MBls.

4.2 Relaxation

The relaxation condition was included as an active control, as it is not generally considered an important component of bona fide therapies that is
responsible, in isolation, for changes in substance use. Post-relaxation, brain activity increased during the receipt of monetary wins in brain
pathways also implicated in cognitive processes aberrant in addiction: disinhibition (i.e., parietal cortex, SFG; Chye et al., 2022; Knutson et al.,
2015), stress (i.e., hippocampus; Kutlu & Gould, 2016; Wingenfeld & Wolf, 2014), interoception (i.e., insula; Naqvi & Bechara, 2010), and
facial/salience processing (i.e., fusiform gyrus; Palejwala et al., 2020). Interestingly, the brain regions where activity changed post-relaxation have
previously been shown to be affected by MBIs in addiction (e.g., hippocampus, insula, parietal cortex; Garland et al., 2014; Garland & Howard, 2018;
Witkiewitz et al., 2013). Therefore, the relaxation intervention aimed at reducing cravings might also be effective in improving reward brain
dysfunction in CUD.

4.3 No intervention

The no intervention condition was associated with increased cerebellar activity during the anticipation of monetary cues; and decreased activity in
other regions during the receipt of monetary wins including: the hippocampus, insula, parietal cortex, SFG, and fusiform gyrus. Importantly, all
these regions are broadly implicated in high-order cognitive, emotional, and sensorimotor functions (Beuriat et al., 2022; Jiang et al., 2011; Li et al.,
2013; Namkung et al., 2017; Rubin et al.,, 2014). Of note, the same regions were also affected by MBI, active placebo relaxation, or both. Therefore,
our results highlight the importance of using passive placebo control conditions to identify MBI-specific effects. Future work should consider an
additional control group with 'treatment as usual' to disentangle the effect of MBI from that of ‘active’ components of interventions.

4.4 Strengths and Limitations

This study demonstrates MBI-related brain changes in a novel sample of individuals with moderate-to-severe CUD who had tried to cut down or
quit using cannabis in the past 24 months, using a double-blind active-and-passive-placebo control design to control for expectancy effects (Misra,
2012). However, several methodological limitations must be considered when interpreting the findings. First, given the small sample size (N = 49),
the study findings are preliminary and need to be replicated in larger samples (Turner et al., 2018).

Second, intervention compliance in the MBI condition (~ 54%) was lower than in the relaxation (~ 63%) and the no-intervention condition (~ 76%).
Low adherence to MBIs has been shown to reduce treatment effectiveness (Marks et al., 2023). Yet, as the intervention was to be administered
daily, our sample adhered to the intervention at least every second day, meaning that participants’ engagement was still notable. As such, low
intervention compliance may have limited the ability to detect additional brain functional changes typically associated with addiction. Future MBI
studies should consider offering additional incentives/reimbursements that are tied to higher engagement with the intervention.

Finally, participants’ motivation to change their cannabis consumption was largely in the preparation stage (e.g., almost ready) or contemplation
stage (e.g., not being ready). Previous research suggests that high motivation is a strong predictor of effective behavioural change in individuals
with substance use (Laudet & Stanick, 2010) compared to other treatment adherence (Collins et al., 2012). As such, lower motivation to change
might have affected the level of engagement in the MBI.

Conclusion

Overall, post-MBI was selectively associated with changes in only one of the hypothesised regions (i.e., parietal cortex). Meanwhile, for post-
relaxation and post-no intervention conditions, changes were observed in the insula and hippocampus, and additional parietal regions involved in
MBIs in addiction (Garland & Howard, 2018). The findings suggest that MBI, matched relaxation, and no intervention may share changes in partially
overlapping brain regions (Luberto et al., 2020) in distinct directions.
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Figure 1

Schematic Representation of the Monetary Incentive Delay Task

Note. Figure 1 is a schematic representation of the MID task, adapted from (Hoogendam et al., 2013); ms = milliseconds.
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Figure 2

Significant Intervention-by-Time Effects on the Left Cerebellum During the Anticipation of Monetary Cues vs. Anticipation of Neutral Cues,
visualised on brain maps (left) and plotted (right)

Note. MBI = mindfulness-based intervention; * = interaction effect is statistically significant; cluster threshold k >84 voxels, initial p< 0.001.
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Figure 3

Figure 5. Significant Intervention-by-Time Effects on the Parietal Cortex During the Receipt of Monetary Wins vs. Receipt of Neutral Wins, visualised
on brain maps (left) and then plotted (right)

Note. MBI = mindfulness-based intervention; * = interaction effect is statistically significant; cluster threshold k >84 voxels, initial p < 0.001.
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Figure 4

Figure 6. Significant Intervention-by-Time Effects on the Hippocampus, Insula and Parietal Cortex During the Receipt of Monetary Wins vs. Receipt
of Neutral, visualised on brain maps (left) and then plotted (right)

Note. MBI = mindfulness-based intervention; * = interaction effect is statistically significant; cluster threshold k >84 voxels, initial p < 0.001.
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Figure 7. Significant Intervention-by-Time Effects on the Parietal, Superior Frontal, and Fusiform Gyrus during Receipt of Monetary Wins vs. Receipt
of Missed Wins, visualised on brain maps (left) and plotted (right)

Note. MBI = mindfulness-based intervention; * = interaction effect is statistically significant; cluster threshold k >84 voxels, initial p < 0.001.
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