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Abstract

BACKGROUND: Anxiety and depression symptoms are common among cannabis users and
could be a risk factor for cannabis use (CU) disorder. Thus, it is critical to understand the neuronal
circuits underlying the associations between CU and these symptoms. Alterations in resting-state
functional connectivity within and/or between the default mode network and salience network
have been reported in CU, anxiety, and depressive disorders and thus could be a mechanism
underlying the associations between CU disorder and anxiety/depression symptoms.

METHODS: Using resting-state functional magnetic resonance imaging, effective connectivities
(ECs) among 9 major nodes from the default mode network and salience network were measured
using dynamic causal modeling in 2 datasets: the Human Connectome Project (28 CU participants
and 28 matched non-drug-using control participants) and a local CU study (21 CU participants
and 21 matched non—drug-using control participants) in separate and parallel analyses.

RESULTS: Relative to the control participants, right amygdala to left amygdala, anterior
cingulate cortex to left amygdala, and medial prefrontal cortex to right insula ECs were greater,
and left insula to left amygdala EC was smaller in the CU group. Each of these ECs showed a
reliable linear relationship with at least one of the anxiety/ depression measures. Most findings on
the right amygdala to left amygdala EC were common to both datasets.

CONCLUSIONS: Right amygdala to left amygdala and anterior cingulate cortex to left amygdala
ECs may be related to the close associations between CU and anxiety/depression symptoms. The
findings on the medial prefrontal cortex to right insula and left insula to left amygdala ECs may
reflect a compensatory mechanism.

Cannabis use (CU), anxiety, and depression often co-occur (1-5). A meta-analysis (2)
found increased occurrence of CU among individuals with anxiety disorders even after
controlling for other drug use and psychopathology. Another meta-analysis (3) suggested
that heavy CU may be associated with increased risk for developing depressive disorders.
A recent review (4) concluded that elevated anxiety and anxiety disorders are common

in CU and CU disorder. Brain networks during resting state are usually identified using
functional connectivity (FC) analysis (6), which reflects the correlation of the functional
magnetic resonance imaging (fMRI) blood oxygenation level-dependent time series among
brain regions (7). The most commonly studied brain networks include the default mode
(DMN), salience (SAN), central executive, striatum, dorsal attention, sensorimotor, visual,
and auditory networks (8,9). DMN (13-21), the SAN (11,12,15,16,18,21-23), the central
executive network (13,15,19,20,22), and the striatum network (11,22). Alterations in DMN
and SAN are the most common findings among these studies. Individuals with CU (14—
16,18) or individuals with CU disorder (22,23) had greater FC in DMN (14-16), SAN
(15,16,23), or between DMN and SAN (18,22) compared with control subjects. Reviews and
meta-analyses on rsfMRI of anxiety disorders (24) and major depressive disorder (25-27)
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suggest that generalized anxiety and social anxiety disorders are associated with smaller FC
in DMN and greater FC in SAN and that major depressive disorder is associated with greater
FC in both DMN and SAN.

Several rsfMRI studies investigated anxiety/depression symptoms in CU. Relative to control
subjects, individuals with CU had greater FC between left rostral anterior cingulate cortex
(ACC) and several other DMN/SAN regions, including right rostral ACC, amygdala, and
insula (18). Among individuals with CU, greater FC between bilateral rostral ACC was
associated with greater depression symptoms (18). Individuals with

Several studies used resting-state fMRI (rsfMRI) to investigate CU (10-18) and CU disorder
(19-23). These studies suggested that CU may be associated with altered FC of the heavy
CU had greater FC in the DMN and SAN (i.e., insula) and greater functional anticorrelation
between DMN and SAN (16). Also, individuals with CU had a stronger negative association
between insula FC and anxiety than control subjects (16). Individuals with CU showed
greater FC than control subjects in subcortical SAN regions (28), such as ventral striatum
(23). These group differences were most pronounced in individuals with CU who reported
greater negative emotionality (23). Although other networks may be involved (17), the
majority of these studies suggest that enhanced FC in and/or between DMN and SAN may
be related to the association between CU and anxiety/depression symptoms.

Based on these previous studies and motivated by the potential of therapeutically targeting
neurocircuit abnormalities that underlie anxiety/depression symptoms and CU disorders
(4,5), this study investigated putative neuronal circuits possibly associated with the
relationship between CU and anxiety/ depression symptoms. We used rsfMRI-based
dynamic causal modeling (DCM) (29) to measure effective (directional) connectivity

(EC), such that directional relationships among brain regions can be elucidated. Based

on the studies reviewed above, we focused on the DMN and SAN. We also included the
amygdala network, consistent with findings of amygdala alterations in anxiety disorders
(30), depression (31), and CU (32). Modulated by endocannabinoid signaling, the amygdala
may be involved in the regulation of stress, anxiety, and depression (33). We hypothesized
that 1) the individuals with CU would show greater strength of ECs within SAN and/or
between DMN and SAN regions compared with control subjects, and 2) the strength of
these ECs would be associated with greater anxiety/depression symptoms. To test these
hypotheses, we investigated 2 separate datasets for independent but parallel analyses in light
of the need for reproducibility in rsfMRI research. To identify the EC findings common to
both datasets, we also conducted secondary analyses based on the combined datasets.

METHODS AND MATERIALS

Dataset 1

Participants.—The data were from the Human Connectome Project (HCP) 1200 Subjects
Data Release (34). Written informed consent was obtained from all participants. Use of HCP
data was approved by the Virginia Commonwealth University Institutional Review Board.
Dataset 1 included 28 CU participants and 28 matched non—drug-using control participants
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(control group) (see the Supplement for details about inclusion/exclusion criteria and group
matching).

Cannabis Use and Dependence.—The HCP used the self-reported substance use and
abuse measures from the Semi-Structured Assessment for the Genetics of Alcoholism (35)
to quantify lifetime CU and classify cannabis dependence according to DSM-1V (Table 1).
All CU participants met lifetime cannabis dependence benchmarks, but this was not based
on clinical interview.

Anxiety and Depression Scores.—Anxiety and depression raw scores were based
on the Achenbach Adult Self-Report (36). A total of 123 items from Section VIII were
administered (37), and items associated with anxiety/depression symptoms generated the
anxiety/depression raw scores.

Alcohol and Tobacco Use.—Tobacco and alcohol use were quantified using the
methods described in our other work (38).

fMRI Data Acquisition.—Whole-brain gradient-echo, echo-planar fMRI data were
acquired with a 32-channel head coil on a modified 3T MAGNETOM Skyra MRI scanner
(Siemens Healthcare AG, Erlangen, Germany) (repetition time = 720 ms, echo time = 33.1
ms, flip angle = 52°, bandwidth = 2290 Hz/pixel, in-plane field of view = 208 x 180

mm, 72 slices, 2.0-mm isotropic voxels, multiband acceleration factor of 8) (39). During
rsfMRI, participants were instructed to relax and look at a fixation cross, without thinking
of anything and without falling asleep. In each session, 2 rsfMRI runs were acquired. Each
run had 1200 volumes (14.4 min). Preliminary DCM analysis using the entire 14.4-minute
resting-state fMRI scan indicated that the processing time was very long. Thus, we used
only the first half of the first run (7.2 min) such that the DCM analysis could be completed
within a reasonable time frame (in the order of weeks). This time series (7.2 min) is also
comparable to that of dataset 2 (6 min).

fMRI Data Preprocessing.—Per Smith et a/. (40), fMRI data were minimally
preprocessed to implement gradient distortion correction, rigid body realignment, field map
processing, nonlinear normalization to Montreal Neurological Institute space, high-pass
filtering with independent component analysis (ICA) denoising, and brain masking. The
voxel size of the minimally processed data was 2 x 2 x 2 mm. Subsequent preprocessing
steps, including segmentation of the structural images, motion scrubbing, smoothing, default
aCompCor fMRI denoising (41,42), and fMRI bandpass filtering (0.008-0.10 Hz), were
implemented using the CONN conn_batch_humanconnectomeproject.m script (specifically
created for preprocessing HCP minimally processed rsfMRI data) (43). Mean framewise
displacement (FD) (44) was used to quantify head motion. The FDs (Table 1) were small for
both groups and did not differ between the two groups (¢= 0.070, p=.945).

Participants.—Written informed consent was obtained from all participants. Dataset 2
included 21 CU participants and 21 matched non—drug-using control participants (control
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group) (see the Supplement for details about inclusion/exclusion criteria and group
matching).

Anxiety and Depression Scores.—We combined 1) DSM-5 Self-Rated Level 1 Cross-
Cutting Symptom Measure—Adult (45) Anxiety and selected State-Trait Anxiety Inventory
(46) items to create a summary anxiety score and 2) DSM-5 Self-Rated Level 1 Cross-
Cutting Symptom Measure—Adult Depression and Beck Depression Inventory (47) scores
to create a summary depression score. See the Supplement for details.

fMRI Data Acquisition.—A 3T Intera MRI scanner (Philips Healthcare, Best, the
Netherlands) with a phased-array SENSE 32-channel receiver head coil was used. A
T1-weighted magnetization prepared rapid acquisition gradient-echo structural image was
acquired. For the rsfMRI scan, blood oxygenation level-dependent signal was measured
with a T2* gradient-echo, echo-planar image sequence (repetition time = 2.0 s, echo time =
28 ms, 37 slices, slice thickness = 3 mm, no gap, field of view = 240 x 240 mm, in-plane
resolution = 3 x 3 mm, flip angle = 76°, 180 volumes, 6 min). During rsfMRI, participants
were instructed to relax, keep their eyes closed, and remain awake.

rsfMRI Data Preprocessing.—See the Supplement for our local rsfMRI preprocessing
pipeline (including the use of ICA-AROMA (48) for removal of head motion-related
artifacts). As in dataset 1, FD was used to quantify head motion. The FDs (Table 2) were
small for both groups, and FD did not differ between the two groups (#g = 1.655, p=.11).

Methods Common for Both Datasets

Group ICA.—We used ICA (see Supplement) to verify and define the hypothesized
canonical networks. For each dataset, the group ICA was conducted across all the CU
and control participants combined from that dataset. The results of ICA (Figure 1) thus
constrained the subsequent selection and localization of network nodes for EC analysis.

Standard Scores for Anxiety and Depression.—In each dataset, both anxiety and
depression scores were converted to zscores. We created an additional single dependent
variable (composite anxiety/depression zscore) from the mean of anxiety zscore and
depression zscore for each participant, representing the average degree of anxiety and
depression (49-51).

Spectral DCM.—Spectral DCM (29), as implemented in SPM12 revision 7487 (http://
www.fil.ion.ucl.ac.uk/spm/), was used to measure EC. See the Supplement for further
description of DCM.

A Priori Selected DCM Nodes.—The DCM nodes (regions of interest) were determined
in 2 steps. In step 1, we determined which anatomical brain regions should be considered

as possible candidate DCM regions based on the aggregate literature of brain functional
abnormalities in phenotypes related to CU, anxiety, and depression (30-32). In step 2, we
further determined whether a candidate region should be selected as a final region based

on the actual FC results (i.e., if the putative region empirically showed up as part of the

FC network specific to the participants) and, if so, where the DCM node (a sphere) should
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be placed within the final region (the center of the sphere was located at the maximum
significance of the FC within the final region). The putative regions found in the validated
networks were 4 DMN regions, i.e., medial prefrontal cortex (mPFC), posterior cingulate
cortex, left lateral parietal, and right lateral parietal; 3 SAN regions, i.e., ACC, left insula,
and right insula; and 2 amygdala regions, i.e., left amygdala and right amygdala (see
Supplement for atlas details). Each of the 9 putative a priori regions were found empirically
to be within each of the 3 group-averaged brain networks (i.e., from dataset 1, from dataset
2, and the mean from combined dataset 1+2) (see Supplement), and therefore these regions
were selected for further refinement in step 2. In step 2, each final DCM node was defined
as an 8-mme-radius sphere centered at the local maximum Zz value within each selected brain
region in the mean network from dataset 1+2 Figure (2) in Montreal Neurological Institute
space. The same nodes were used for each participant.

DCM Parametric Empirical Bayes Analysis

RESULTS

For each participant in each dataset, a fully connected DCM (each node connects to itself
and all other nodes) was specified and estimated. The parametric empirical Bayes (PEB)
approach (52) was used to conduct group-level analyses for the ECs. In PEB, group-level
analyses are conducted using Bayesian posterior inference (53), which does not need to
contend with the multiple-comparison problem because of the lack of false positives (53).
Bayesian posterior probability (Bayesian-PP) is used as an indicator of the confidence

in whether the mean of an EC within a group is different from zero (or the mean of
another group) or the confidence in the degree of linear relationship between variables.
The Bayesian-PP (0 < Bayesian-PP < 1) is the conditional probability that is computed
by PEB using Bayes rule after the available information (the likelihood function and the
prior probability density of the model parameters) is taken into account. The higher the
Bayesian-PP, the greater the confidence (see Supplement for computational details). Here, an
EC finding was considered reliable if Bayesian-PP was >0.95.

For each dataset separately, 3 kinds of PEB analyses were conducted: 1) testing the group
difference in each EC between the CU and control groups; 2) testing the linear relationship
between each EC and the anxiety/depression score across both CU and control participants
using linear regression; and 3) testing the linear relationship between each EC and the

CU parameters in the CU participants (for dataset 2 only, owing to availability). See the
Supplement for further description of linear regression within PEB. To harmonize the

EC results from the two datasets, we conducted several secondary DCM analyses (see
Supplement for methods and results).

Nonimaging Results

Tables 1 and 2 summarize the demographics, CU, anxiety and depression scores, and usage
of other illicit drugs, alcohol, and tobacco. For either dataset, there was no significant
difference between for CU and control groups in these measures except for CU. See the
Supplement for the correlation between the anxiety and depression scores.
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DCM Results From Dataset 1

Group Comparison.—The group difference (CU minus control), together with average
EC across both CU and control groups, for each EC and the corresponding Bayesian-PP

are shown in Table S5. Among the 81 ECs, 6 ECs (including the right amygdala to left
amygdala EC) showed reliable (Bayesian-PP = 1) group differences (Figure 2 [I]), which
were preserved after alcohol and tobacco use were included as covariates (Table S5). These
group differences were also preserved after each of the negative affect zscores was included
as a covariate (Table S5).

Linear Relationships Between EC and Each of the 3 Negative Affect z Scores
for CU and Control Participants Combined.—For each of the 3 analyses, the linear
regression coefficient (B) for each EC and corresponding Bayesian-PP are shown in Table
S6. The 9 ECs showing a reliable (Bayesian-PP = 1) linear relationship with at least 1

of the 3 negative affect zscores are depicted in Figure 3 (1). Two of these 9 ECs also
showed reliable group difference (Figure 2 [I1]). For 7 of these 9 ECs, the reliable linear
relationships were preserved after the group was included as a covariate (Table S6). The
linear relationship between the left insula to left amygdala EC and the anxiety zscore and
the linear relationship between the right amygdala to left amygdala EC and the composite
anxiety/depression zscore disappeared after the group was included as a covariate.

DCM Results From Dataset 2

Group Comparison.—The group difference (CU minus control), together with the
average EC across both CU and control groups, in each EC and corresponding Bayesian-PP
are shown in Table S7. Among the 81 ECs, 3 ECs (including the right amygdala to left
amygdala EC) showed a reliable (Bayesian-PP = 1) group difference (Figure 2 [I11]), which
were preserved after alcohol and tobacco use were included as covariates (Table S7). The
group differences on mPFC to right insula and ACC to left amygdala ECs disappeared after
the anxiety zscore was used as a covariate; the group difference on right amygdala to left
amygdala EC disappeared after the anxiety zscore or the composite anxiety/depression z
score was used as a covariate.

Linear Relationships Between EC and Each of the 3 Negative Affect z Scores
for CU and Control Participants Combined.—The results of these 3 linear regression
analyses are shown in Table S8. Six ECs showing a reliable (Bayesian-PP = 1) linear
relationship with at least 1 of the 3 negative affect zscores are depicted in Figure 3 (I1).
Three of these 6 ECs also showed a reliable group difference [Figure 2 (IV)]. The linear
relationship between the ACC to left amygdala EC and the composite anxiety/depression z
score disappeared after the group was included as a covariate (Table S8).

Linear Relationship Between EC and CU Measures in CU Participants.—The
results of this linear regression analysis are shown in Table S9 and Figure S4. The right
amygdala to left amygdala EC, which also demonstrated reliable group differences, showed
a reliable (Bayesian-PP = 1) negative regression on the days of CU per week.
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Major DCM Results

Four ECs (i.e., right amygdala to left amygdala, left insula to left amygdala, ACC to left
amygdala, and mPFC to right insula ECs) showed a reliable group difference (Figure 2) and
reliable linear relationship with at least one of the negative affect measures (Figure 3). The
major results on these ECs are summarized in Table 3.

DISCUSSION

Our analyses in 2 different datasets identified 4 ECs showing both reliable group differences
(right amygdala to left amygdala, ACC to left amygdala, mPFC to right insula ECs were
greater in the CU group; left insula to left amygdala EC was smaller in the CU group) and a
reliable linear relationship with one or more anxiety/depression measures. Most of the main
results are consistent with the results of the secondary analyses on the combined dataset 1+2
(see Supplement).

Right Amygdala to Left Amygdala EC

In both datasets, right amygdala to left amygdala EC was greater in the CU group than

the control group and was reliably and positively associated with both the depression and

the composite anxiety/depression zscores. Specific for dataset 2, this EC was also reliably
and positively associated with the anxiety zscore. We are not aware of published studies
reporting FC/EC between the bilateral amygdalae in CU- or anxiety/depression—related
disorders. However, a meta-analysis (54) in humans and primates showed robust FC between
bilateral amygdalae. Just as bilateral amygdalae show similar connectivity during resting
state (55), enhanced right amygdala to left amygdala EC could be related to consolidation

of emotional memory (56,57). More research is needed to determine the relevance to the
present study.

ACC to Left Amygdala EC (Specific to Dataset 2)

ACC to left amygdala EC was greater in the CU group than the control group. Cannabis-
related enhanced ACC to amygdala FC has been reported during the resting state (18).
Across both CU and control participants, greater EC was associated with greater depression
zscore and greater composite anxiety/ depression zscore. Consistently, anxious individuals
showed enhanced ACC to amygdala FC during processing of fearful faces, and this FC
correlated positively with self-reported anxious symptoms (58). As part of an aversive
amplification circuit (58), the ACC and amygdala are thought to be necessary for
recognition and expression of social fear (59,60). ACC and insula are regions associated
with the amygdala for control of autonomic behavior (61). Greater change in ACC to
amygdala FC is associated with greater autonomic measure of fear conditioning (62).

Thus, the enhanced ACC to left amygdala EC may be related to recognizing social fear

or autonomic response.

mPFC to Right Insula EC (Specific to Dataset 2)

mPFC to right insula EC was greater in the CU group than the control group. Across
both CU and control participants, greater EC was associated with smaller anxiety zscore.
While the enhancement in the two ECs discussed above is associated with increased
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anxiety/depression symptoms in CU, the two groups did not differ in the anxiety/depression
measures. These results support a compensatory mechanism in CU that has been discussed
in the CU literature (38,63-65). Different from right amygdala to left amygdala and ACC to
left amygdala ECs, mPFC to right insula EC is associated with reduced anxiety in the CU
group and thus is possibly related to a compensatory mechanism in CU. Consistently, the
mPFC-insula circuit has been suggested as a target for interventions (66) that may reduce
anxiety and depression symptoms (67).

Left Insula to Left Amygdala EC (Specific to Dataset 1)

Limitations

Left insula to left amygdala EC was smaller in the CU group than the control group. Across
both CU and control participants, smaller EC was associated with smaller anxiety zscore,
suggesting that this may be another EC reflecting a compensatory mechanism in CU. The
linear regression results are consistent with a study (68) showing that the resting-state FC
and structural connectivity between left insula and left amygdala were positively correlated
with anxiety. The FC between the left insula to left amygdala self-connection EC has been
suggested to be related to the adjustment of autonomic behavioral responding (68).

For dataset 1, the group differences on ECs were preserved after each of the 3 anxiety/
depression zscores was included as a covariate, suggesting that the group differences found
in dataset 1 were mainly driven by CU. Differently in dataset 2, the group differences on
ECs were preserved after the depression (or composite anxiety/depression) zscore was
included as a covariate but disappeared after the anxiety zscore was included as a covariate.
These results suggest that the group difference in dataset 2 was mainly driven by anxiety.
Thus, the driving factors were different: CU for dataset 1 (in which the CU participants had
relatively longer CU history) and anxiety for dataset 2 (in which the CU participants had
relatively shorter CU history). This supports our suggestion (69) that the effects of stress and
CU on this particular EC are similar, resulting in greater connectivity with the amygdala.

We have shown that the finding about right amygdala to left amygdala EC was reproducible
across 2 different sets of rsfMRI data, which were acquired from different scanners and
different cohorts and were preprocessed using different pipelines. This finding suggests that
these rsfMRI results can be replicated in individuals with CU. Neurocircuit findings related
to anxiety/depression symptoms and CU could be considered as therapeutic targets (4,5). If
the findings in this study are replicated in future studies, amygdala-targeted interventions,
e.g., propranolol (a p-adrenergic receptor antagonist) (70), may reduce anxiety in cannabis
users, which could in turn reduce CU, as cannabis is often used to cope with stress/anxiety
(71).

First, in dataset 1, although the Semi-Structured Assessment for the Genetics of Alcoholism
demonstrates good reliability and validity and has been extensively used in studies of
substance use disorders (https://cogastudy.org/ssaga-i-and-ssaga-ii-information), the CU
participants were neither clinically referred/interviewed nor recruited by virtue of substance
use disorder. Although recent cannabis dependence as inferred from Semi-Structured
Assessment for the Genetics of Alcoholism responses were consistent with urine toxicology
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results, the CU of dataset 1 may nevertheless have been milder compared with a specifically
recruited or clinically referred sample. Second, because the urine testing in both datasets was
not quantitative, we were unable to examine whether there were dose-response relationships
with the EC findings. However, for dataset 1, we have discussed elsewhere (38) that
psychiatric symptoms due to withdrawal were unlikely to contribute to the group differences
in EC. In dataset 2, the average cannabis abstinence duration was about 1 day, and the right
amygdala to left amygdala EC was not related to the abstinence duration. These results
suggest that withdrawal-related symptoms were also unlikely to affect the main findings in
dataset 2. Third, historical information on other substance use disorders was not available in
dataset 1, and thus previous abuse of other drugs might explain differences in EC. However,
as discussed in our other work (38), previous use of other drugs likely did not affect the
DCM findings significantly because of the exclusion of participants with positive urine
screens for other drugs and the lack of group difference in the use of other drugs. Fourth,
the DCM nodes used in this study were a priori selected from previously established brain
networks and constrained by the actual sample-specific networks empirically found by the
ICA analysis. Thus, it is possible that other neural connectivities, which may be also altered
in individuals with CU or related to anxiety and depression symptoms, were not identified
because the connecting regions were not included as DCM nodes. Fifth, across the datasets,
the anxiety and depression scores were obtained using different methods. Sixth, although
we matched the groups in alcohol usage in both datasets and excluded participants with
breath alcohol concentration greater than 0.05 g/210 L in dataset 1, we cannot rule out
confounding effects of alcohol use. In dataset 2, breath alcohol concentrations were not
obtained. However, all participants were instructed to abstain from any alcohol 24 hours
before the fMRI scan. Further, in dataset 2, anyone with a history of a psychiatric disorder
except for anxiety and depression was excluded. Thus, this approach could reduce the
generalizability of the findings in dataset 2. Nevertheless, right amygdala to left amygdala
EC abnormalities in dataset 2 were also present in dataset 1 (in which this exclusion
criterion was not applied). Finally, the two datasets were different in several aspects (e.g.,
scanner, preprocessing, and cohort). For two similar datasets, one might consider future
studies generating a predictive model to classify cannabis users versus control subjects
(using methods such as logistic regression) using EC features from one dataset and then use
that model to classify participants (cannabis users vs. controls) in the other dataset.

Conclusions

These findings suggest that the enhanced right amygdala to left amygdala and ACC to left
amygdala ECs found in the CU participants could be related to comorbidity between CU,
anxiety, and depression symptoms. The findings on the mPFC to right insula and left insula
to left amygdala ECs may reflect a compensatory mechanism in CU. It is unclear if the
alterations on these ECs preexisted or were due to CU.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The group average zmap from dataset 1+2 for default mode network (DMN) (top panel),

salience network (SAN) (middle panel), and amygdala (AMY) (bottom panel) resting-state
networks found by independent component analysis and used to constrain and refine the
dynamic causal modeling nodes. The left side in the figure represents the left hemisphere of
the brain, and the right side represents the right hemisphere of the brain.
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Figure 2.

Lines with arrows representing the group difference (GC) (cannabis use [CU] minus control)
in effective connectivities (ECs) in dataset 1 (n7= 28 for CU group and n = 28 for control
group) (top panels) and dataset 2 (n =21 for CU group and n = 21 for control group)
(bottom panels), visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv/)
(72). For each dataset, all ECs showing group differences are shown in the left panels, and
subset ECs showing group differences that are linearly related to at least 1 of the 3 negative
affect zscores (anxiety [ANX], depression [DEP], and composite ANX/DEP Zzscores) are
shown in the right panels. A semicircular line with arrow denotes self-connection. A red line
denotes that this EC was greater in the CU group than the control group, and a light blue
line denotes that this EC was smaller in the CU group than the control group. The Montreal
Neurological Institute coordinates (mm) of the 9 dynamic causal modeling nodes are as
follows: medial prefrontal cortex (mPFC) (-2, 54, —4), posterior cingulate cortex (PCC) (-4,
—64, 22), left lateral parietal (LP) (-43, =75, 26), right LP (47, —69, 26), anterior cingulate
cortex (ACC) (4, 30, 28), left insula (INS) (=36, 22, 2), right insula (INS) (36, 20, 6), left
amygdala (AMY) (=23, -2, -20), and right AMY (20, 0, —20). The left side in the figure
represents the left hemisphere of the brain, and the right side represents the right hemisphere
of the brain.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2022 May 01.


http://www.nitrc.org/projects/bnv/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

Page 17
ANX, DEP and ANX/DEP  ANX only DEP and ANX/DEP
| mPF(‘.( mPFG mPFG
Ny @CC s N CC s INg lcc s
: 3 hﬁ MY ! MY
T 4 R Wy g
i Voon | B \ i/
© v \ ’ ™
= L %8 \ l X 'N‘\f ’
B 5o & RGP
X / | 4 B ) Y
|| mPFG mPFG
INg icc. s g cC gns
o ‘Amy, | @y ‘AM |y
“ ,
‘g - l . = N (
(] N \Pﬁ;‘.l ¥ N \’) ‘P‘
i P
L% ‘) t 4 L% J ' 4

Figure 3.
Lines with arrows representing effective connectivities (ECs) that showed linear

relationships with at least 1 of the 3 negative affect zscores (anxiety [ANX], depression
[DEP], and composite ANX/DEP zscores) across all participants (in each dataset, both
cannabis use [CU] and control participants) in dataset 1 (/7= 56) (top panels), dataset 2 (n=
42) (bottom panels). For each dataset, ECs showing a linear relationship with all 3 negative
affect zscores are shown in the left panel, EC showing a linear relationship with ANX 2
score only is shown in the middle panel, and ECs showing a linear relationship with both
DEP and composite ANX/DEP zscores are shown in the right panel. For both datasets, none
of the ECs showed a linear relationship with any of the negative affect zscores other than
shown in the figure. A red line denotes that this EC had a positive linear relationship with
at least 1 of the 3 negative affect zscores, and a light blue line denotes that this EC had a
negative linear relationship with at least 1 of the 3 negative affect zscores. The left side in
the figure represents the left hemisphere of the brain, and the right side represents the right
hemisphere of the brain. ACC, anterior cingulate cortex; AMY, amygdala; INS, insula; LP,
lateral parietal; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex.
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