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LAY ABSTRACT

Cannabis Use Disorder (CUD) is the recent Diagnostic and Statistical Manual diagnosis
for problematic cannabis use. Cannabis is known to impact both cognition and the structure of
the brain, but the underpinnings of CUD are unknown. One historically successful approach to
investigating psychological disorders is evaluating patterns of associations at rest in three distinct
brain networks: the task positive, default mode, and salience networks. These networks are
integral to cognitive control and function. Using Human Connectome Project Young Adult
(HCP-YA) data, these brain networks were analysed in CUD individuals and healthy controls.
Differences in brain activity were found across all three networks. The three brain networks in
CUD individuals exhibited a regression to random activity within the occipital lobe, an area of
the brain associated with vision. Additionally, the task-positive and default mode network in
CUD individuals exhibited decreased brain activity within the respective networks.



ABSTRACT

PURPOSE: The triple-network model of psychopathology theorizes psychological disorders
manifest from aberrant functional connectivity in three major brain networks, the central
executive network, default mode network, and salience network. To date, no research has used
this framework to investigate resting-state functional connectivity in cannabis users using fMRI
technology. Since attentional deficits have been associated with cannabis use, the dorsal attention
network was an additional network of interest.

METHODS: Using Human Connectome Project Young Adults (HCP-YA) data, 34 CUD
individuals were matched to 34 controls using propensity score matching, resulting in 68
participants with brain data (Mage: 27.2, 17.6% female). Functional connectivity was assessed
using CONN, a MATLAB-based extension package for Statistical Parameter Mapping 12
(SPM12) dedicated to assessing and displaying functional connectivity using fMRI technology.
A seed-to-voxel technique was used, with a priori regions of interest (ROI) derived from
CONN’s library of ROI. Significant clusters exceeded a voxel threshold of p <.0001 FDR-
correction, and p <.001 cluster threshold.

RESULTS: CUD individuals had aberrant functional connectivity across the default mode
network, salience network, and dorsal attention network. A consistent finding across networks
was weaker anti-correlation with the occipital cortex. Both the default mode network and dorsal
attention network exhibited weaker positive connectivity with surrounding areas and pre-/post-
central gyrus. The salience network in CUD individuals uniquely exhibited greater connectivity,
with greater positive connectivity between the right supramarginal gyrus and left inferior frontal
gyrus / precentral gyrus / central opercular cortex, and greater anti-correlation between the left
insula and right postcentral gyrus.

CONCLUSION: The triple-network approach to CUD revealed systemic differences across
networks; but may not be the best model for understanding CUD biomarkers. The results
highlight functional brain connectivity with problematic cannabis usage.
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Introduction

Cannabis users and consumption continues to rise in North America. Within the United
States, 9% of US adults 18 years or older used cannabis within the past year (Hasin et al., 2015;
United Nations, 2022), while 25% of Canadians age 16 or older reported using cannabis within
the past year (Health Canada, 2021). Young adults (age 18-25) are the largest demographic to
report cannabis use (Substance Abuse and Mental Health Services Administration, 2020;
Callaghan et al., 2019). As more individuals use cannabis, some will begin to use cannabis
problematically. Health Canada (2018) estimated 33% of cannabis users will experience
problems due to their cannabis usage, with frequently cited epidemiological reports concurring
(United Nations, 2022; Hasin et al., 2015; Conner et al., 2021). One way to quantify
‘problematic substance usage’, is using DSM-V Substance Use Disorder diagnoses. Cannabis
Use Disorder (CUD) requires two out of ten criteria (persisting for at least one year), primarily
focused on cannabis-related behaviors (e.g. attempts to quit, using more than intended,
withdrawal, increased tolerance), and continued consumption despite social and physiological

problems (American Psychiatric Association, 2013).

The neurobiological underpinnings of CUD are not fully understood. Cannabis contains
phytocannabinoids (e.g. delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD)) which act
on cannabinoid 1 and 2 receptors (CB1r, CB2r); a majority of CB1r are found in the brain, while
a majority of CB2r are found in the immune system (Di Marzo & Piscitelli, 2015; Ferland &
Hurd, 2020). Acute intoxication of cannabis (more specifically THC) is known to impair verbal
learning and memory, attention, psychomotor function, and inhibition (Broyd et al., 2016). These

diminished cognitive abilities along with physiological research, such as positron emission
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topographical evidence of CB1r downregulation associated with cannabis usage (Hirvonen et al.,
2012), indicate cannabis fundamentally alters the brain. However, there is no clear

neurobiological indicator between CUD individuals and non-problematic cannabis users.

One way to assess brain activity and brain differences between two populations, is
measuring functional connectivity within the brain. Neurons that fire synchronously are thought
to be communicating, regardless of proximity. Coupled neurons are grouped into networks
associated with their function; thus neurons are functionally connected. An early example
mapped functional connectivity between the two separate areas of the brain (now known as the
primary and supplemental motor areas) during a finger taping task (Biswal et al., 1995).
Ultimately, research has revealed several different and unique networks (Uddin et al., 2019; Witt
et al., 2021), with resting state fMRI (measuring brain activity at rest) becoming a popular

method of measuring functional connectivity.

Resting state functional connectivity of cannabis users has previously been investigated
with varying results. A recent systematic review of fMRI resting-state functional connectivity in
cannabis users found 40% of studies reported greater positive functional connectivity in cannabis
users between frontal regions, fronto-temporal, and fronto-striatal regions (Thomson et al.,
2022). While informative, the review did not find consistent results. For example, four studies
included in the review investigated functional connectivity with the orbitofrontal cortex, as
previous studies found cannabis users have reduced orbitofrontal cortical thickness (Wittemann
et al., 2021; Harper et al., 2021); all studies included in the systematic review found unique
different results. One study found cannabis users had increased positive connectivity with the
temporal lobe (Filbey et al., 2014), another study found cannabis users had decreased positive

connectivity with the parietal lobe (Lopez-Larson et al., 2015), while a third study found no
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differences in functional connectivity associated with cannabis usage (Subramaniam et al.,
2018). The systematic review was limited in nature due to numerous heterogeneous
methodologies (Thomson et al., 2022); different resting state analysis techniques (seed-to-voxel,
independent component analysis, graph theory, fractional amplitude of low frequency
fluctuations, etc.) and varying cannabis metrics (definitions of cannabis user, required
abstinence, etc.) made direct comparison impossible. Increased stringency is necessary to

summarizing cannabis-related resting state functional connectivity literature.

DSM-V CUD diagnosis is a simple way to clarify ‘cannabis user’. While this approach
polarizes and dichotomizes cannabis users into problematic and unproblematic users, it alleviates
arbitrary definitions of cannabis users based on cannabis consumption over time (e.g. cannabis
users must use cannabis >10 times a month). Furthermore, understanding functional brain
connectivity between CUD and non-CUD individuals may reveal a biomarker for CUD, which

may further our understanding of the neurobiological basis of CUD.

Relatively few studies have contrasted brain functional connectivity of individuals with
cannabis-related diagnoses to non-cannabis users. Eight studies exclusively defined their
cannabis group by DSM-1V (or DSM-5) diagnosis, without co-occurring psychological disorders
such as bipolar disorder or schizophrenia; six of the studies used seed-to-voxel resting state
methods, while one study used fractional amplitude of low-frequency fluctuations (FALFF) (Orr
et al., 2013), and one used graph theory (Koenis et al., 2020). The seed-to-voxel approach
identifies a region of interest (ROI) and correlates its fluctuating BOLD signal with every voxel,
the correlated voxels are grouped into clusters of similar brain activity as the ROI. However,
these correlations do not convey information of the BOLD signal; the fALFF approach converts

the BOLD signal into a power spectrum, to analyze the physical properties of the brain activity
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(Zou et al., 2008). Finally, the graph theory approach uses information theory to analyze various

aspects of defined brain networks (Bullmore & Sporns, 2009).

For the sake of homogeneity and direct comparability, only the six seed-to-voxel fMRI
studies were assessed. Five of studies compared individuals with cannabis dependence or abuse
diagnoses to non-using or cannabis naive individuals. Most studies investigated the reward
network, a brain network comprising primarily of limbic brain areas, with supplementing frontal
brain regions (Hoflich et al., 2018). A 2017 longitudinal study found cannabis dependent
adolescents had deteriorating functional connectivity between the caudal ACC and DLPFC
(Camchong et al., 2017). Later, the same lab conducted a longitudinal study on young adult
cannabis users and found problematic cannabis users experienced lower functional connectivity
between the caudal ACC and medial dorsal thalamus, superior frontal gyrus, and middle frontal
gyrus; the dorsal ACC exhibited similar decreased functional connectivity with the medial
frontal gyrus and superior frontal gyrus (Camchong et al., 2019). In 2018, a study found group
differences in brain connectivity between the striatum (dorsal and ventral seeds) and the rostral
anterior cingulate cortex, in addition to the dorsal medial prefrontal cortex (Zhou et al., 2018).
The three studies insinuate CUD is associated with a dysfunctional reward network, however one
study found no significant differences in subcortical functional connectivity between cannabis
dependent individuals and controls (Manza et al., 2018). While the thalamus is not integral to the
reward network, a 2019 study segmented thalamic nuclei and found group differences in
functional connectivity differences between the nuclei and their projected destination (Demiral et
al., 2019). Only the most recent study used DSM-5 criteria (instead of DSM-1V cannabis
dependence or abuse) and found CUD individuals experienced aberrant functional connectivity

from the amygdala, PCC, and ACC (Aloi et al., 2021). Together, these six studies demonstrate
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disruption of functional brain connectivity among cannabis dependent individuals, particularly in

the frontal and striatal regions.

Prior research investigated cannabis use disorder through the lens of dysfunctional
reward pathways, while neglecting an established theoretical approach: the triple network theory.
The triple network theory identifies three major brain networks responsible for psychiatric
disorders: the central executive network, the default mode network, and the salience network. In
theory, psychiatric disorders are associated with abnormal functional connectivity within or
between one (or more) of the networks (Menon, 2011; Menon, 2019). The central executive
network is responsible for executive functions and consists of the middle frontal gyrus, anterior
inferior parietal lobe, and intraparietal sulcus (Menon, 2011; Uddin et al., 2019). The default
mode network is activated during rest or tasks requiring self-reflection, and consists of the
medial prefrontal cortex, posterior cingulate cortex, and lateral inferior parietal lobe (Menon,
2011; Uddin et al., 2019). The salience network is responsible for detecting salient stimuli and
activating other brain networks; major nodes in the salience network include the anterior insula
and ACC (Menon, 2011; Uddin et al., 2019). This framework has elucidated depressive,
schizophrenic, bipolar, neurodevelopmental, and neurocognitive disorders (Wang et al., 2020; Li
et al.; 2021; Hull et al., 2017; Nicholson et al., 2020a; Gursel et al., 2018, Bos et al., 2017; Liang
etal., 2021; Li et al., 2019). Expanded to substance use disorders, one previous study found a
relationship between distress tolerance (a co-occurring behavior with substance use disorder),
cocaine usage, and brain functional connectivity (Reese et al., 2019). Furthermore, a recent EEG
study used the triple network framework, and found increased functional connectivity in

problematic cannabis users between nodes of the salience and central executive network
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(Imperatori et al., 2020). However, to date, no study has used the triple network framework to

investigate fMRI functional connectivity associated with cannabis use disorder.

The current study sought to bridge this gap in scientific knowledge by using publicly
available data and resources to investigate functional connectivity associated with cannabis use
disorder. Brain and behavioral data were acquired from the Human Connectome Project Young
Adult dataset (HCP-YA), an open science consortium focused on developing human
connectomes (Van Essen et al., 2013). The HCP-YA dataset is large, with more than 1100
participants, 800 measures, and extensive resting-state fMRI data; additionally, HCP is well
established with over 1500 publications using HCP data (Elam et al., 2021). Using the triple-
network framework theory of psychopathology, CUD individuals were expected to differ in
functional connectivity in the three different networks (central executive network, DMN, and
salience network). Since cannabis usage is associated with attentional deficits (Scott et al., 2018),
the dorsal attention network was also investigated; the dorsal attention network and central
executive network were analyzed together as a ‘task-positive network’. While no specific
hypotheses of cortical areas with aberrant functional connectivity were created, based on
previous research, CUD individuals were expected to have altered connectivity in the frontal
cortex, and altered functional connectivity between nodes of the central executive network and
salience network (Camchong et al., 2017; Camchong et al., 2019; Imperatori et al., 2020; Zhou et

al., 2018).
Methods

Participants
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Participants’ data were extracted from the Human Connectome Project Young Adults
dataset (HCP-YA). HCP-YA participants were between the ages of 22 to 35, relatively healthy
(no documented history of psychiatric disorder, substance abuse, neurological, or cardiovascular
disease), and cognizant (able to give informed consent and passed the Mini Mental Status
Exam); notable exclusion criteria included participants’ history of seizures, significant brain
trauma, or premature birth. Exact inclusion / exclusion criteria for HCP-YA is detailed in the
original publication (Van Essen et al., 2012). Participants were not given abstinence instructions

prior to participation.

Five measures of cannabis are captured by HCP-YA: 1) If the participant ever used
cannabis; 2) Participant’s age of first use (stratified into four age groups, spanning adolescence
and early adulthood); 3) Cumulative lifetime cannabis usage (bucketed into 6 quantities: 0, 1-5,
6-10, 11-100, 101-1000, 1001+ times); 4) Prior history of DSM-IV cannabis dependence
diagnosis, derived from the Semi-Structured Assessment for the Genetics of Alcoholism — 11
(SSAGA-II)(Bucholz et al., 1994); 5) THC metabolites found in urinary drug screen
administered prior to MRI scan. Problematic cannabis-users were defined as individuals who
tested positive for THC and met criteria for cannabis dependence during their lifetime. The dual-
criteria definition of CUD is advantageous, as THC positivity does not indicate cannabis
dependence, and lifetime history of dependence does not indicate current cannabis usage;
concurring THC positivity and history of cannabis dependence indicates current problematic
cannabis usage. Of the HCP-Y A population, 43 participants were THC+ with a history of
cannabis dependence; 3 participants were excluded for missing brain imaging files or incomplete
data, an additional 6 participants were excluded due to inaccessible data via server outages. The

final sample consisted of 34 problematic cannabis users.
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Problematic cannabis users were matched to participants with previous cannabis
exposure, who never met criteria for cannabis dependance and were THC- prior to the MRI scan.
Matching was executed via propensity scores using the ‘Matchlt’ R package (version 4.2.0).
Every participant was assigned a propensity score, which measured the probability of the
participant’s diagnosis based on defined covariates (i.e. age, gender, socioeconomic status,
education, and BMI) (Austin, 2011). Using the nearest-neighbor method, CUD participants were
matched to non-CUD participants with the closest propensity score. Matching successfully
decreased the mean propensity score differences on all matching criteria except BMI (see Figure
1b), t-tests concluded the final sample did not statistically differ between their matched criteria
(p > .05). The resulting group demographics can be found in Tables 1a & 1b. T-tests conducted
on non-matched variables indicated age of first cannabis use, but not anxiety and depression

scores, differed between groups (p < .05).

After all brain analyses were completed, the sample was further analyzed for other
substance use. Current and past substance use was assessed via SSAGA-II, past substance use
differed between groups, see Table 1b. Both t-tests and Wilcoxon rank sum tests suggested
nicotine dependence (Fagerstrom Test for Nicotine Dependence scores) or DSM-1V alcohol
dependence did not differ between groups (p > .05). However CUD-individuals were more likely
to use alcohol problematically; CUD individuals had higher rates of past or present DSM-1V
alcohol abuse diagnosis (Wilcoxon: W = 391, p = 0.002; T-test: t = -3.2719, p = 0.002), and had
more symptoms of alcohol abuse (Wilcoxon: W = 316.5, p < 0.001; T-test: t = -4.109, p <0.001)
and dependence (Wilcoxon: W =401, p = 0.012; T-test: t =-2.2939, p = 0.025). Breathalyzer
results confirmed no participants were impaired by alcohol (blood alcohol content <.05). Five of

the 68 participants tested positive for illicit substances beyond cannabis; one non-CUD
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individual tested positive for opiates, one CUD participant was positive for both opiates &
methamphetamines, one CUD participant was positive for amphetamines, and 2 CUD

individuals tested positive for oxycontin.

MRI data acquisition and processing

HCP extensively pre-processed resting-state data was used for analyses. The pre-
processed data is produced from the standard HCP structural and functional pipelines (Glasser et
al., 2013), in addition to the HCP resting-state pipeline (Smith et al., 2013). Explained briefly,
the HCP structural pipeline produced T1 images, corrected bias field, and normalized T1 images
to MNI space; the HCP functional pipeline removed spatial distortions, realigned functional
images offset by motion, co-registered structural and functional images, minimized bias field
signal, and normalized the timeseries to a global mean; the HCP resting-state pipeline focused on
temporal corrections: removed scanner drift via highpass filtering, and identified and regressed
out artifact from the data. Exact parameters (e.g. structural and functional echo-planner imaging
sequencing parameters, alignment approach, determination of field bias, etc.) are found in the
original manuscripts (Glasser et al., 2013; Smith et al., 2013). HCP resting state data collected
brain activity isolated to one hemisphere in 15-minute intervals. Ultimately, one hour of resting
state data (an aggregated 5,000 timepoints collected) was collected and preprocessed. Due to the
computational requirements and volume of data, only 30 minutes of resting state data was used

in analyses.

fMRI analyses were conducted in CONN, a MATLAB based program designed for

investigating functional brain connectivity. The CONN conn_batch_humanconnectome.m script,
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a publicly available macro-processing script created specifically for HCP-Y A extensively pre-
processed resting state data, was altered and executed. The script was adapted to the current
study in the following ways: 1) decreased the amount of data processed to 30 minutes of resting
state; 2) restricted functional connectivity analyses to a priori ROIs, using whole brain seed-to-
voxel analysis; 3) changed functional smoothing kernel to 3mm FWHM. CONN’s predetermined
ROIs were used to investigate three different functional networks: default mode network (seeds
in: medial prefrontal cortex, lateral parietal lobe, and posterior cingulate cortex), salience
network (seeds in: anterior cingulate cortex, insula, rostral prefrontal cortex, and supramarginal
gyrus), and task positive network with the dorsal attention and central executive subnetworks
(dorsal attention seeds: bilateral frontal eye fields and intra-parietal sulcus; central executive
seeds: bilateral lateral prefrontal cortex and posterior parietal cortex). Visualization for the seeds

are found in Figures 9-12.

The script pipeline was segmented into three distinct steps: preprocessing, denoising, and
analyses. Preprocessing consisted of segmentation of the brain (white matter, grey matter,
cerebral spinal fluid, etc.), identification of movement over .9mm between frames (or BOLD
signal change greater than five standard deviations), and application of a functional smoothing
kernel of 3mm. Denoising constructed weighted general linear models using CONN’s default
weighting (hrf-weighting), regressed nuisance covariates (white matter, cerebral spinal fluid,
realignment, and scrubbing), applied a bandpass filter [.01, .1], and detrended data via linear
regression. First-level analyses correlated the timeseries between the regions of interest (ROI)
and every voxel, and transformed all connectivity values using Fisher’s r-Z transformation.
Second-level analyses identified clusters differing from zero across all participants, with

significant voxels and clusters surviving p <.0001 FDR-corrected voxel threshold, and p <.001

10
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FDR-corrected cluster threshold while being at least 10 voxels. Results were parceled using the
Automated Anatomical Labeling Atlas (Tzourio-Mazoyer et al., 2002). Group differences were
calculated in RStudio; since the groups were matched, one-way ANOVAs were conducted (as

opposed to ANCOVASs for common covariates such as education and income).
Results
Default Mode Network

Of the four default mode network seeds, two seeds had functional connectivity
differences between CUD individuals and controls, see Table 2 and Figures 2&3. CUD
individuals exhibited weaker dysconnectivity (negativity correlated brain connectivity) between
the posterior cingulate cortex and the right inferior frontal gyrus (pars opercularis), and left
precentral gyrus. CUD individuals also displayed weaker dysconnectivity between the right
lateral parietal and the right occipital pole, and left precentral gyrus. Weaker positive
connectivity was exhibited by CUD individuals between the right lateral parietal and a large area
of the precuneus. This large cluster underwent post hoc analyses to determine the strongest
signal of the cluster. The voxel threshold was increased until the cluster was under 500 voxels.
At a voxel threshold of 1x10®, the cluster covered 438 voxels of the precuneus; an ANOVA
determined CUD individuals retained decreased positive functional connectivity, F(1,66) = 4.02,
p = .045. No group differences in functional connectivity were found from the medial prefrontal

cortex and left lateral parietal.
Task Positive Network

Functional connectivity of the task positive network was altered in CUD individuals,

particularly the dorsal attention network. Three of the four nodes of the dorsal attention network

11
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had significantly difference functionally connectivity between CUD individuals and controls, see
Table 3 and Figures 4-6; there were no group differences in functional connectivity for the
central executive network. CUD individuals had weaker dysconnectivity between bilateral intra-
parietal sulcus and occipital cortex; the left intra-parietal sulcus had weak connectivity with both
the left and right occipital pole, while the right intra-parietal sulcus had dysconnectivity unique
to the right occipital pole. Additionally, CUD individuals exhibited decreased positive
connectivity. The left frontal eye-fields lacked connectivity with a large cluster (2381 voxels)
spanning the left central gyrus (pre- and post-) / supramarginal gyrus, the right superior parietal
lobe, and left central opercular cortex. The left intra-parietal sulcus had weaker functional
connectivity with a large cluster (4172 voxels) spanning the left superior parietal lobe / post
central gyrus / supramarginal gyrus / occipital cortex, and the right cerebellum8. Both large
clusters were reduced to 500 voxels by increasing the voxel threshold, but functional
connectivity did not differ between groups (p > .05). Finally, the right intra-parietal sulcus had
weaker positive connectivity with the left central opercular cortex. No differences in functional
connectivity were found from the right frontal eye fields, bilateral lateral prefrontal cortex, or

bilateral posterior parietal cortex.

Salience Network

The salience network also had functional connectivity differences between groups, see
Table 4 and Figures 7&8. The left insula had weaker negative connectivity with the left occipital
cortex, and stronger negative connectivity with the right postcentral gyrus (F(1,66) =5.63, p =
.021). CUD individuals exhibited greater positive connectivity between the right supramarginal

gyrus and brain strip covering the left inferior frontal gyrus (pars opercularis) / precentral gyrus /

12
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and central opercular cortex. No differences in functional connectivity were exhibited by the

ACC, right insula, bilateral rostral prefrontal cortex, or bilateral supramarginal gyrus.

Discussion

This is the first study to examine fMRI resting state functional connectivity in CUD
individuals using the triple network framework of psychopathology. Supporting our hypotheses,
functional connectivity differences were exhibited in CUD individuals across all multiple brain
networks. A majority of the differences occurred in the task positive network, specifically the
dorsal attention network, where CUD individuals had weaker functional connectivity with the
occipital lobe, regions of the temporal lobe, pre- and post-central gyrus, cerebellum, and areas
immediately outside the seed regions. The DMN also demonstrated weaker functional
connectivity from the right lateral parietal lobe and posterior cingulate cortex, with the occipital
lobe, pre- and post-central gyrus, and inferior frontal gyrus. The salience network hosted the
fewest connectivity differences between groups, while uniquely exhibiting greater functional

connectivity among the CUD group.

Across all networks, CUD individuals exhibited weaker negative connectivity with areas
of the occipital lobe. Among the task positive network and default mode network this
dysconnectivity was isolated to regions in the parietal lobe (bilateral intra-parietal sulci and right
lateral parietal lobe, respectively), the salience network exhibited dysconnectivity between the
left insula and occipital lobe. While unexpected, previous studies found similar findings, with
problematic cannabis users displaying patterns of dysconnectivity with the occipital lobe (Pujol
etal., 2014; Aloi et al., 2021). However, one previous study investigated CUD functional
connectivity of the thalamus and found no significant differences between the occipital lobe and

their preceding thalamic nuclei (Demiral et al., 2019). Additional research is required for
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understanding impact of this anti-correlation, and if behavioral consequences are associated with

the deficits.

The pre-/post-central gyrus is another area of differing connectivity across multiple
networks. CUD individuals exhibited weaker positive functional connectivity from the task
positive network and DMN, while the salience network had stronger connectivity in both
directions (negative and positive association). These findings add to previous literature indicating
aberrant pre-/post-central gyrus functional connectivity associated with cannabis usage
(Camchong et al., 2019; Aloi et al., 2021). Multiple resting state studies with participants
receiving THC dosing reported THC-related decreases in functional connectivity with the central
gyrus (Demiral et al., 2019; Wall et al., 2019). It is clear CUD individuals experience broad

functional disrupted connectivity with pre-/post-central gyrus.

The final finding shared across multiple networks, is altered connectivity with lateral
areas in the frontal lobe. Within the task positive network, the dorsal-attention network had
decreased positive functional connectivity with the central opercular cortex. The pars opercularis
of the inferior frontal gyrus exhibited weaker negative connectivity to the DMN’s posterior
cingulate cortex, and stronger positive connectivity with the salience network’s right
supramarginal gyrus. This result is supported by at least 2 studies which found similar weak anti-
correlation between the PCC and inferior frontal gyrus associated with cannabis usage (Wall et
al., 2019; Pujol et al., 2014). However, the decreased functional connectivity between the dorsal-
attention network and central opercular cortex is novel, with no prior research reporting this

finding.

In sum, framing CUD with the triple-network model yielded varying results. Of the three

major networks (DMN, CEN, and salience network) implicated in the theoretical model, CUD
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exhibited aberrant functional connectivity from nodes in the DMN and salience network; no
differences were found in CEN nodes. However, most brain connectivity differences were
experienced in the dorsal attention network, a brain network neglected by the triple network
model; additionally, most connectivity differences were experienced beyond network nodes (i.e.
with the central gyrus and occipital cortex), instead of between network nodes. Given these
results, CUD cannot adequately be defined by aberrant connectivity between or within three
specific networks, as the triple network model suggests. Instead, CUD has similar patterns of
weaker functional connectivity with the central gyrus, occipital lobe, and lateral frontal lobe
across a multitude of networks. This notion is supported by a recent CUD study which found
similar patterns of altered connectivity with the central gyrus and occipital cortex, from brain

areas responsible for emotion processing (Aloi et al., 2021).

These results begin to clarify neurobiological biomarkers for CUD, and how CUD differs
from casual cannabis usage. Previous research related to cannabis usage found both functional
and structural differences in frontal and striatal brain regions (Owens et al., 2022; Thomson et
al., 2022; Wittemann et al., 2021; Newman et al., 2020). Studies comparing CUD individuals to
non-cannabis-using individuals reported similar findings (Camchong et al., 2019; Camchong et
al., 2017; Zhou et al., 2018). These previous CUD findings neglected casual cannabis users, thus
the results may reflect a drug effect of cannabis, rather than functional connectivity unique to
CUD individuals. The current study identified functional connectivity indicative of problematic
cannabis usage, by contrasting CUD individuals to individuals who have previously used
cannabis. The results of the current study suggest problematic cannabis behavior and CUD may

be identifiable by a lack of global functional connectivity with the occipital cortex and central

gyrus.
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The results of the current study must be considered with its the strengths and weaknesses.
One strength is the quality of the data. The current study used 30 minutes of resting state data,
significantly longer than standard resting state studies. The large amount of data combined with
the adequate sample size of 68, greatly increased the statistical power of the results.
Additionally, the voxel and cluster thresholds for group level analyses (.0001 FDR corrected and
.001 FDR corrected, respectfully) were extremely conservative, more stringent than the literature
standard (.001 uncorrected, and .05 FDR corrected). The quantity of significant clusters despite
the restrictive approach demonstrates robust and strong differences in brain connectivity for
CUD individuals. Furthermore the sample was statistically matched, ensuring observed effects
are not attributable to covariates such as education, income or BMI. Lastly, while not an inherent

strength of the study, the use of open-source resources ensures the results are replicable.

While this study has strengths, it still has limitations. A large limitation is the study’s
definition of CUD individual. The definition of CUD individuals arose from two criteria, a
lifetime history of cannabis dependence and THC+ urinary screening. A lifetime history of
cannabis dependence is not a current diagnosis of cannabis dependence; thus, it’s possible some
CUD individuals included in the sample were previously problematic cannabis users, but now
engage with cannabis in a non-problematic manner. Furthermore cannabis dependence is the
antecedent of CUD, while the criteria overlap significantly, the diagnoses are separate and our
results may not accurately reflect CUD. Future studies should be vigilant about substance use
metrics; the current study was limited by outdated substance metrics, which cannot address novel
concerns such as concurrent substance usage, cannabis administration, or cannabis potency.
Finally, this study is cross-sectional and cannot determine the directionality of the relationship

between aberrant functional connectivity and problematic cannabis behavior.
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In conclusion, this study used HCP-Y A data to investigate functional connectivity
associated with CUD. Patterns of aberrant functional connectivity existed, with CUD individuals
having decreased in functional connectivity exhibited by the dorsal-attention network and DMN,
and increased functional connectivity from the salience network. Evidence of altered
anticorrelation with the occipital lobe and pre-/post-central gyrus existed across all networks.
These results provide an initial framework for analyzing CUD through the lens of the triple-
network theory of psychopathology. Further understanding CUD and its neuro-psychological
basis may lead to biofeedback therapies aimed at correcting aberrant functional connectivity

(Nicholson et al., 2020b).
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Appendix 1: Tables and Figures

Table 1a. Participant demographic characteristics — Matched covariates

CUD individuals HC Total Sample T value P value

Age in Years (M [SD]) 27.3 [3.4] 27.2 [3.3] 27.2 [3.3] -11 91
Sex Ratio (M/F) 2717 29/5 56/12 - -
Race (%White) 58.8% 73.5% 66.2% - -
Education level in Years (M [SD]) 14.1[1.88] 14.2 [2.04] 14.2 [1.95] .25 81
Annual Household Income Bracket (M [SD]) 4.2 [2.26] 4.3 [2.15] 4.2 [2.19] 27 .78

<$20,000 (% of group) 32.3% 17.6% 25.0%

$20,000-$39,999 29.4% 47.0% 38.2%

$40,000-$74,999 17.6% 14.7% 16.1%

>$75,000 20.7% 20.7% 20.7%
BMI (M [SD]) 26.1[4.05] 26.9 [4.24] 26.5[4.14] .83 41

Note. M = mean. SD = standard deviation. CUD = cannabis use disorder. HC = healthy control. Reported percentages for Annual
Household Income Bracket were condensed from 8 brackets to 4 brackets for brevity.
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Table 1b. Participant demographic characteristics — Non-matched covariates

CUD individuals Ctrl Total Sample T value P value

Anxiety (M [SD]) 4.5 [3.54] 4.0 [2.62] 4.3[3.10] -.70 49
Depression (M [SD]) 5.9 [5.15] 4.1[2.84] 5.0 [4.22] -1.75 .09
Age range of first cannabis use (M [SD])* 1.85[0.82] 2.88 [0.84] 2.37 [0.98] 5.09 <.001

<14 years (% of group) 38.2% 3.0% 20.6%

15-17 years 41.2% 32.4% 36.7%

18-20 years 17.6% 38.2% 27.9%

21+ years 3.0% 26.4% 14.8%
Lifetime cannabis usage (M [SD])* 4.59 [.66] 1.79 [1.04] 3.19[1.65] -13.3 <.001

1-5 times (% of group) - 58.8% 29.4%

6-10 times - 8.8% 4.4%

11-100 times 8.8% 26.5% 17.6%

101-1000 times 23.5% 5.9% 14.7%

1000+ times 67.7% - 33.9%
Past cocaine usage (M [SD])* 1.29 [2.11] .06 [.24] .68 [1.62] -3.39 .002
Past hallucinogen usage (M [SD])* 1.56 [1.94] .09 [.29] .82 [1.56] -4.37 <.001
Past opiate usage (M [SD])* 1.59[2.12] .03 [.17] .81 [1.69] -4.27 <.001
Past sedative usage (M [SD])* 1.50 [2.16] .03 [.17] .76 [1.69] -3.95 <.001
Past stimulant usage (M [SD])* 1.15[1.86] 12 [.33] .63 [1.42] -3.17 .003

Note. M = mean. SD = standard deviation. CUD = cannabis use disorder. HC = healthy control. Past substance use was bucketed in
the following way: 0 times = 0; 1-5 times =1; 5+ times=5
*Variable is statistically different between groups (2-tailed T-test, p<.05)
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Table 2. Table of significant clusters from Default Mode Network.

Original Seed Group Direction of Cluster Location  # of Voxels MNI Space F value P value
difference association (X,Y,2)
LP(r) CUD<HC Negative Right Occipital 170 (28, -88, 18) 4.016784 0.049156
Pole
Negative Left Precentral 11 (-50, -12, 52) 7.350791 0.008536
Gyrus
Positive Precuneus / 2832 (16, -56, 20) 5.098369 0.027261
Cingulate Gyrus
PCC CUD<HC Negative Right Inferior 90 (48, 06, 22) 5.079922 0.027531
Frontal Gyrus /
Right pars
Opercularis
Negative Left Precentral 22 (-48, -12, 54) 4.214916 0.044038
Gyrus

Note. LP = Lateral Parietal. PCC = Posterior Cingulate Cortex.
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Table 3. Table of significant clusters from Task Positive Network.

Original Seed Group Direction of Cluster Location # of Voxels MNI Space F value P value
difference association (X,Y,2)
FEF(I) CUD <HC Positive Left Pre-/Post-central 2381 (-28, -08, 60) 5.117049 0.026991
Gyrus, Superior
Parietal Lobe
Positive Right Superior Parietal 196 (42, -46, 58) 4.061087 0.047958
Lobe
Positive Left Central Opercular 23 (-38, -04, 16) 5.552336 0.021434
Cortex
IPS(I) CUD <HC Positive Left Superior Parietal 4172 (-62, -24, 42) 4.182232 0.044841
Lobe, Postcentral
Gyrus, Supramarginal
Gyrus, Lateral
Occipital Cortex
Positive Right Cerebellum8 59 (18, -74, -52) 4.845279 0.031224
Negative Left Occipital Pole 128 (-06, -96, 26) 5.499285 0.022041
Negative Right Occipital Pole 13 (16, -90, 30) 7.613396 0.00749
IPS(r) CUD <HC Positive Left Central Opercular 32 (-40, -04, 14) 4.668537 0.034355
Cortex
Negative Right Occipital Pole 20 (12, -96, 20) 5.485842 0.022197

Note. FEF = Frontal Eye Fields. IPS = Intra-Partial Sulcus.

29



M.Sc. Thesis — P. Najdzionek; McMaster University - Neuroscience

Table 4. Table of significant clusters from Salience Network.

Original Seed Group Direction of Cluster Location  # of Voxels MNI Space F value P value
difference association (X,Y,2)

Insula(l) CUD<HC Negative Left Lateral 66 (-40, -74, 46) 5.935442 0.017546

Occipital Cortex
CUD >HC Negative Right Postcentral 25 (44, -34, 62) 5.630662 0.02057
Gyrus
SMG(l) CUD >HC Negative Left Pars 173 (-58, 06, -02) 7.588555 0.007583
Opercularis,

Note. SMG = Supra-Marginal Gyrus.

Precentral gyrus,
central opercular
cortex
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Figure 1a. Distribution of propensity scores after matching

Distribution of Propensity Scores

Unmatched Treated Units

Matched Treated Units
%&Q@%oo% O%OOO % o o OOD o
Matched Control Units

Unmatched Control Units

BBaE B 0B o og,

o
%&t%ogoc}% @DOOO ® o o° o o o

| | | T T |
0.0 0.1 0.2 0.3 0.4 0.5

Propensity Score

Note. CUD individuals are “treated units”

31




M.Sc. Thesis — P. Najdzionek; McMaster University - Neuroscience

Figure 1b. Difference in propensity score for matched covariates
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Figure 2. Visualization of significant clusters from DMN - right lateral parietal lobe

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. A) 2832 voxel cluster with peak correlation from (16, -56, 20), located in the precuneus and parts of the PCC. B) 170
voxel cluster with peak correlation from (28, -88, 18), located in the right occipital pole. C) 11 voxel cluster with peak correlation

from (-50, -12, 52), located in the left precentral gyrus.
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Figure 3. Visualization of significant clusters from DMN — Posterior cingulate cortex

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. A) 90 voxel cluster with peak correlation from (48, 06, 22), located in the right pars opercularis of the inferior frontal
gyrus. B) 22 voxel cluster with peak correlation from (-48 -12, 54), located in the left precentral gyrus.
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Figure 4. Visualization of significant clusters from Dorsal-Attention network — Left frontal eye fields

A B

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. (A) 2381 voxel cluster with peak correlation from (-28, -08, 60), located in the left central gyrus and superior parietal
lobe. B) 196 voxel cluster with peak correlation from (42, -46, 58), located in the right superior parietal lobe. C) 23 voxel cluster with
peak correlation from (-38, -04, 16), located in the left central opercular cortex.
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Figure 5. Visualization of significant clusters from Dorsal-Attention network — Left intra-parietal sulcus

A

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. A) 4172 voxel cluster with peak correlation from (-62, -24, 42), located in the left postcentral gyrus, superior parietal
lobe, supramarginal gyrus, and lateral occipital lobe. B) 128 voxel cluster with peak correlation from (-06, -96, 26), located in the left
occipital pole. C) 59 voxel cluster with peak correlation from (18, -74, -52), located in the right cerebelum8. D) 13 voxel cluster with
peak correlation from (12, -96, 20), located in the right cerebelums8.
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Figure 6. Visualization of significant clusters from Dorsal-Attention network — Right intra-parietal sulcus

A B

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. A) 32 voxel cluster with peak correlation from (-40, -04, 14), located in the left central opercular cortex. B) 20 voxel
cluster with peak correlation from (12, -96, 20), located in the right occipital pole.
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Figure 7. Visualization of significant clusters from Salience Network — Left insula

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. A) 66 voxel cluster with peak correlation from (-40, -74, 46), located in the left lateral occipital cortex. B) 25 voxel
cluster with peak correlation from (44, -34, 62), located in the right postcentral gyrus.
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Figure 8. Visualization of significant clusters from Salience Network — Right supramarginal gyrus

Note. The orientation (axial, sagittal, or coronal) corresponds to the best visualization of clusters. In some cases, visualizations were
displayed in a 3D rendered glass brain (distinguished by a black background); two slices would not be a sufficient visualization of the
entire cluster. 173 voxel cluster with peak correlation from (-58, 06, 02), located in the pars operculais of the left inferior frontal gyrus,

precentral gyrus, and central opercular cortex.

39



M.Sc. Thesis — P. Najdzionek; McMaster University - Neuroscience

Figure 9. CONN ROlIs — Default Mode Network
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ROI = region of interest. A) Left lateral parietal cortex. B) Right lateral parietal cortex. C) Medial prefrontal cortex. D) Posterior

cingulate cortex.
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Figure 10. CONN ROIs — Task positive network — Dorsal Attention Network

ROI = region of interest. A) Left frontal eye fields. B) Right frontal eye fields. C) Left intra-parietal sulcus. D) Right intra-parietal

sulcus.
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Figure 11. CONN ROIs — Task positive network — Fronto-Parietal Network

ROI =region of interest. A) Left lateral prefrontal cortex. B) Right lateral prefrontal cortex. C) Left posterior parietal lobe. D) Right

posterior parietal lobe.
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Figure 12a. CONN ROlIs — Salience Network

ROI = region of interest. A) Left insula. B) Right insula. C) Left rostral prefrontal cortex. D) Right rostral prefrontal cortex.
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Figure 12b. CONN ROlIs — Salience Network

ROI = region of interest. A) Left insula. B) Right insula. C) Anterior cingulate cortex
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