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ORIGINAL RESEARCH
NEUROPSYCHIATRIC IMAGING

Reduced Diffusivity Along Perivascular Spaces on
Magnetic Resonance Imaging Associated with Younger
Age of First Use and Cognitive Impairment in
Recreational Marijuana Users

Christina Andica, Koji Kamagata, Kaito Takabayashi, Zaimire Mahemuti, Akifumi Hagiwara and S Aoki

ABSTRACT

BACKGROUND AND PURPOSE: The impairment of the glymphatic system, a perivascular network crucial for brain waste clearance,
has been linked to cognitive impairment, potentially attributed to the accumulation of brain waste. Although marijuana use has been
associated with poorer cognitive performance, particularly in adolescents, its influence on the glymphatic system remains
unexplored. This study evaluated the influence of the age of first marijuana use and the total number of lifetime uses on the
glymphatic system, measured using the index of diffusion tensor imaging along the perivascular space (DTI-ALPS). Furthermore, we
explored the correlation between glymphatic clearance and cognitive performance among marijuana users.

MATERIALS AND METHODS: In this study, 125 individuals who reported using marijuana at least once in their lifetime (43 men; mean
age, 28.60 + 3.84 years) and 125 individuals with zero lifetime cannabis use (nonusers; 44 men; mean age, 28.82 + 3.56 years) were
assessed. ALPS indices of all study participants were calculated using 3T diffusion MRI data (b = 1,000 s/mm?).

RESULTS: After adjusting for age, sex, education years, Pittsburgh Sleep Quality Index, alcohol use, tobacco use, and intracranial
volume, our analysis using a univariate general linear model revealed no significant difference in the ALPS index among nonusers and
marijuana users with different ages of first use or various frequencies of lifetime usage. However, in marijuana users, multiple linear
regression analyses showed associations between a lower ALPS index and earlier age of first marijuana use (standardized B, —0.20; P
= 0.041), lower accuracy in the working memory 0-back task (standardized 8, 0.20; P = 0.042), and fewer correct responses in the
fluid intelligence test (standardized B, 0.19; P = 0.045).

CONCLUSIONS: This study shows the potential use of DTI-ALPS as a noninvasive indirect indicator of the glymphatic clearance in
young adults. Our findings show novel adverse effects of younger age at first use of marijuana on glymphatic system function, which
is associated with impaired working memory and fluid intelligence. Gaining insights into alterations in glymphatic function following
marijuana use could initiate novel strategies to reduce risk of cognitive impairment.

ABBREVIATIONS: ALPS = Along the perivascular space; FA = Fractional anisotropy; ICV = Intracranial volume; ISF = Interstitial fluid;
MLR = Multiple linear regression; PSQI = Pittsburgh Sleep Quality Index; ROI = Region of interest; SSAGA = Semi-Structured Assessment
for the Genetics of Alcoholism; VIF = Variance inflation factor

Received month day, year; accepted after revision month day, year.

Department of Radiology, Juntendo University Graduate School of Medicine, Tokyo, Japan (C.A.; K.K.; Z.M.; A.H.; S.A.), Faculty of Health Data Science,
Juntendo University, Chiba, Japan (A.A.; S.A.)

The authors declare no conflicts of interest associated with this manuscript.

Please address correspondence to Christina Andica, Department of Radiology, Juntendo University Graduate School of Medicine Hongo, Bunkyoku,
Tokyo, Japan; christina@juntendo.ac.jp.

SUMMARY SECTION

PREVIOUS LITERATURE: Alterations of the glymphatic system, a perivascular network essential for clearing brain waste, has been
linked with cognitive impairment, possibly because of waste accumulation. Concurrently, marijuana use has shown associations with
poorer cognitive performance, particularly in adolescents; however, its impact on the glymphatic system has not yet been
investigated.

KEY FINDINGS: In marijuana users, multiple linear regression analyses showed significant associations between a lower ALPS index
and earlier age of first marijuana use, lower accuracy in the working memory 0-back task, and fewer correct responses in the fluid
intelligence test.

KNOWLEDGE ADVANCEMENT: Our findings indicated that in young adults, dysfunction in glymphatic clearance, as measured by the
ALPS index correlated with an earlier initiation of marijuana use. Furthermore, the glymphatic dysfunction in marijuana users is
associated with deficits in working memory and fluid intelligence.
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INTRODUCTION

Marijuana is currently the most extensively used psychoactive substance globally, partly due to shifts in legal and societal attitudes toward
its use.! In 2020, approximately 209 million individuals aged 1564 reported past-year marijuana use.? The past-year prevalence of
marijuana use is higher among adolescents compared with adults.? Marijuana use during the crucial neurodevelopment period of
adolescence may lead to alterations in brain structure and function.®# Consequently, regular marijuana use during adolescence is correlated
with a higher risk of adverse outcomes, including cognitive impairment and mood disorders (i.e., anxiety and depression).5 & A recent
systematic literature review on diffusion MRI studies involving marijuana users reported a notable lower white matter integrity, particularly
in the superior longitudinal fasciculus and corpus callosum.”

Studies suggest a close association between glymphatic system dysfunction and cognitive impairment, as well as mood disorders.% 89
The glymphatic, or glia-lymphatic system, has gained recent recognition as a brain waste clearance mechanism.® According to the
glymphatic hypothesis, the pulsation of arterial walls propels CSF through aquaporin-4 channels in astrocytic endfeet, along perivascular
spaces, and into the brain parenchyma. This influx of CSF into the parenchyma subsequently facilitates the movement of interstitial fluid
(ISF) and metabolic waste toward the perivenous spaces surrounding the deep veins.*! Impairment of the glymphatic clearance system has
a direct effect on brain waste accumulation, contributing to cognitive decline.*? 13 The glymphatic system has also been shown to play a
role in maintaining white matter integrity.’* Therefore, alterations in glymphatic clearance could potentially impact the white matter
structure health.

MRI using intrathecal contrast agents, such as gadolinium-based contrast agents, allows for the evaluation of the glymphatic system
in humans.'> However, this method is relatively invasive, and gadolinium accumulation in the brain has raised concerns,¢ limiting its
clinical application. A more recent approach, diffusion tensor imaging along the perivascular space (DTI-ALPS), based on diffusion MR,
has emerged as a promising noninvasive method for studying the human glymphatic system.”- 28 The DTI-ALPS method yields the ALPS
index, representing the ratio of diffusivity along the perivascular space surrounding the deep medullary vein at the lateral ventricle body
level to diffusivity in a direction perpendicular to the major fiber tracts.'” 18 At the level of the lateral ventricle body, the medullary veins
run perpendicular to the ventricular wall, paralleling the direction of the perivascular space, whereas the medullary arteries and veins, as
vessels of the brain parenchyma, accompany the perivascular space, which is a principal drainage pathway of the glymphatic system.
Meanwhile, the projection fibers run in the cranial—caudal direction, and the association fibers run in the anterior—posterior direction. Thus,
in this region, the perivascular space is perpendicular to both the association and projection fibers.® Although the ALPS index is a
noninvasive, indirect measure of the human glymphatic system, a previous study has showed a strong correlation with glymphatic clearance
function, as assessed through glymphatic MRI following intrathecal gadolinium administration, the current gold standard evaluation of
human glymphatic system,'® validating the use of the ALPS index.

Reductions in the ALPS index have been noted in older adults at risk of dementia and in individuals with Alzheimer’s disease.? 18 20

This observation implies that the decrease in the ALPS index could be attributed to the accumulation of amyloid-p, potentially due to a
deficiency in glymphatic clearance.” '8 20 ALPS index studies have mainly been conducted on older adult cohorts; however, recently,
studies have applied the ALPS index in younger age groups. For example, a lower ALPS index has been observed in patients with juvenile
myoclonic epilepsy (age range: 12-46 years)?* and in patients with acute lymphoblastic leukemia (age range: 4—16 years).??

Alterations of the glymphatic system, a perivascular network essential for clearing brain waste, has been linked with cognitive
impairment, possibly because of waste accumulation. Concurrently, marijuana use has shown associations with poorer cognitive
performance, particularly in adolescents; however, its impact on the glymphatic system has not yet been investigated. We hypothesized
that marijuana use could influence the glymphatic system and is correlated with cognitive decline. This study, using the ALPS index,
explored the influence of the age of first marijuana use and the number of lifetime uses on the glymphatic system. Furthermore, we
evaluated the association between the ALPS index and cognitive performance in recreational marijuana users from the Washington
University—University of Minnesota (WU-Minn) Human Connectome Project (HCP) consortium.?® Gaining a deeper understanding of
glymphatic clearance alterations following marijuana use could initiate strategies to reduce the risk of cognitive decline.

MATERIALS AND METHODS
Study participants

The data analyzed in this study were obtained from the S1200 dataset of the WU-Minn HCP consortium
(https://www.humanconnectome.org/storage/app/media/documentation/s1200/HCP_S1200_Release_Reference_Manual.pdf).? The
inclusion criteria of study participants (FIG 1) are provided in the Supplementary Materials.
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Has complete 3T diffusion MRI data
N =841

Has complete Semi-Structured Assessment for the Genetics of Alcoholism
[SSAGA) information
N=811

Mini-Mental State Examination (MMSE) score 226
N =811

Has never met DSM-IV criterla for major depressive episode
N=738

Has never met DSM-IV criteria for alcohol abuse and/or dependence
N=591

Non-marijuana illicit drugs use < 2 times
N =542

Systolic/Diastolic blood pressures < 140/90 mmHg
N =443

rereerE o

The Pittsburgh Sleep Quality Indexs 5

N =330
Marljuana users Marljuana non-users
N=129 N =201
Complete cognitive- Matched for age, sex, education, body mass index (BMI),
related scores systolic/diastofic blood pressure, MMSE, PSQJ, and
N =125 alcohol and tobacco use using R match Controls.
N =125

FIG 1. Flowchart of inclusion and exclusion criteria, along with the count of individuals meeting the criteria and included in the
study population.

Marijuana use

Following previous studies,® 24?8 we used “lifetime use” to categorize the study participants as nonusers (individuals with zero lifetime
cannabis use) and users (those who reported using marijuana at least once in their lifetime). Marijuana use was assessed using self-report
measures obtained through the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA). The number of times used was
categorized as follows: O (never used), 1 (1-5 uses), 2 (6-10 uses), 3 (11-100 uses), 4 (101-999 uses), or 5 (>1000 uses). The SSAGA
categorized the age of first use as: 1 (<14 years of age), 2 (15-17 years of age), 3 (18-20 years of age), 4 (>21 years of age), or 5 (never
used). In this study, the age of first use was reverse scored (0 [never used], 1 [>21 years of age], 2 [15—17 years of age], 3 [18—20 years of
age], 4 [<14 years of age]), giving higher scores to indicate earlier age of first use, aligning with the frequency of use measure.

Tobacco and alcohol use

The criteria of tobacco and alcohol use are provided in the Supplementary Materials.

Imaging data acquisition and preprocessing

Imaging data were acquired using a HCP-customized Siemens 3T Connectome Skyra magnet.?® Diffusion-weighted images downloaded
from the HCP portal underwent a minimal preprocessing pipeline.° To calculate the ALPS index, the diffusion-weighted images obtained
with two b-values, 0 and 1000 s/mm?, were extracted from the preprocessed dataset. Further details of diffusion-weighted images are
provided in the Supplementary Materials.

The calculation of ALPS index

The ALPS index was calculated using a validated semiautomated pipeline.3* The fractional anisotropy (FA) map of all individuals was
initially registered into the FMRIB58_FA standard space using both linear and nonlinear transformations. For region of interest (ROI)
placement, one subject with the smallest degree of warping was selected. Using this subject’s color-coded FA map, spherical ROIs
measuring 5 mm in diameter were placed in the projection and association areas at the level of the bilateral lateral ventricle body (FIG 2).
The resulting ROIs were then registered to the same FA template, and the position of the ROIs was visually confirmed for each participant.
If necessary, a manual correction was performed by slightly adjusting the ROls.

In the projection fibers area, the main fibers run along the z-axis direction, while the x-axis and y-axis are perpendicular to the main
fibers. Moreover, in the association fibers area, the main fibers run in the direction of the y-axis, and the x-axis and z-axis are perpendicular
to the main fibers. Therefore, the ALPS index was derived from the ratio of the average values of the x-axis diffusivity in the projection
fibers area (Dxxproj) and the x-axis diffusivity in the association fibers area (Dxxassoc) to the average values of the y-axis diffusivity in
the projection fibers area (Dyyproj) and the z-axis diffusivity in the association fibers area (Dzzassoc), as shown below:
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mean [Dxxproj, Dxxassoc
ALPS index = ( L pro) D

(mean [Dyyproj, Dzzassoc))
The average values of left and right ALPS indices were evaluated. An ALPS index closes to 1 reflects minimal diffusion along the
perivascular space, whereas a larger ratio indicates larger water diffusivity along the perivascular space.'®
Furthermore, we extracted FA values, which serve as an index of white matter integrity in the association and projection fibers, using
identical ROIs. Subsequently, the statistical analyses incorporated the average FA values of both the left and right projection and

association fibers.

(A) Projection tract

FA map

Diffusivity maps
: : - C
mecm aead | Association area (A:‘ps e (mean lexme Dxxassoc])
e "~ (mean | Dyyproj, Dzzassoc])

Reglon-of-interests e

FIG 2. Calculation of diffusion tensor imaging index along the perivascular space (ALPS index). (A) Color-coded fractional
anisotropy (FA) map showing the distribution of projection fibers (blue, z-axis) and association fibers (green, y-axis) at the lateral
ventricle level of the body. Spherical regions of interest measuring 5 mm in diameter were positioned in projection and association
areas. The perivascular space runs perpendicular to the projection and association tracts. (B) Diffusivity maps in the x-axis (Dxx),
y-axis (Dyy), and z-axis (Dzz). (C) The ALPS index was derived from the ratio of the mean x-axis diffusivity in the projection area
(Dxxproj) and x-axis diffusivity in the association area (Dxxassoc) to the mean of y-axis diffusivity in the projection area (Dyyproj)
and z-axis diffusivity in the association area (Dzzassoc).

Intracranial volume measurements

The intracranial volume (ICV) was obtained for each study participant and was used as a covariate in the statistical analyses. The details
of ICV measurements are provided in the Supplementary Materials.

Statistical analysis

Statistical analyses were conducted with IBM SPSS Statistics version 27 for Macintosh (IBM Corporation, Armonk, NY). The normality
of the data was assessed using Kolmogorov—Smirnov test. Demographic and clinical data of nonusers and users were analyzed using
independent-samples t-tests for normally distributed continuous data or Mann—-Whitney U tests for non-normally distributed continuous
data. For categorical variables, 32 test was employed. In all analyses, statistical significance was set at a P-value (two-tailed) <0.05.

The ALPS index was compared among nonusers and marijuana users with different ages of first use (nonuser group vs. user group 1
[<14 years of age] vs. group 2 [15-17 years of age] vs. group 3 [18-20 years of age] vs. 4 [>21 years of age]) or those with various
frequencies of lifetime usage (nonuser group vs. user group 1 [1-5 uses] vs. group 2 [6-10 uses] vs. group 3 [11-100 uses] vs. group 4
[101-999 uses] vs. group 5 [>1000 uses]) using a univariate general linear model with Bonferroni correction to adjust for multiple group
comparisons. This analysis controlled for age, sex, years of education, tobacco use, alcohol use, Pittsburgh Sleep Quality Index (PSQI)
score, and ICV (model 1). Marijuana use has been associated with loss of white matter integrity, including in the association and projection
fibers.” Therefore, the average FA values, an index of white matter integrity,> measured in the ROIs of the association and projection
fibers were included as control variables in the evaluation of the ALPS index, in addition to the covariates in model 1 (model 2).

Multiple linear regression (MLR) analysis was employed to model the associations between the ALPS index (dependent variable) and
age of first marijuana use or number of lifetime uses. MLR analysis was also conducted to identify associations between the ALPS index
and cognitive assessment scores. Multicollinearity of predictor variables was addressed by assessing variance inflation factor (VIF) values,
with VIF values <5 indicating the absence of multicollinearity.3® Furthermore, we performed partial correlation tests to assess relationships
between the ALPS index and variables, including age of first marijuana use, lifetime use count, and cognition scores. In linear regression
and partial correlation analyses, the same covariates as those included in the between-group comparisons analyses (models 1 and 2) were
used.

Additionally, we compared the average FA values measured in the ROls of the association and projection fibers between nonusers and
users with different ages of first use or those with various lifetime usage frequencies using a univariate general linear model, while
controlling for age, sex, years of education, tobacco use, alcohol use, PSQI score, and ICV. Moreover, we performed partial correlation
analysis to examine the association between the ALPS index and ICV across all subjects, while controlling for age, sex, years of education,
tobacco use, alcohol use, and the PSQI scores as covariates.
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RESULTS
Study participants’ demographic, clinical characteristics, and substance use

In this study, we analyzed 250 subjects with an age range of 22 to 37 years, including 125 marijuana recreational users (43 men and 82
women; mean age, 28.60 + 3.84 years) and 125 nonusers (44 men and 81 women; mean age, 28.82 + 3.56 years). The demographic and
clinical characteristics of participants are summarized in Supplementary Table 1.

No differences were observed between nonusers and marijuana users in age, sex, years of education, body mass index, systolic and
diastolic blood pressures, as well as the Mini-Mental State Examination scores. Marijuana users had significantly higher PSQI scores (P
= 0.022) and significantly higher (P < 0.001) alcohol and tobacco usage. Additionally, marijuana users had significantly lower ICV
compared to nonusers (P = 0.033).

Marijuana users exhibited significantly lower correct responses (P = 0.010) and reaction times (P = 0.011) in the fluid intelligence test
compared to nonusers. No significant differences were observed in other cognitive test scores (Supplementary Table 2).

The evaluation of ALPS index
Between-group differences in ALPS index

We found no significant differences in the ALPS index among nonusers and marijuana users with different ages of first use (model 1 [P =
0.16], model 2 [P = 0.15]; FIG 3A). Furthermore, we also observed no significant differences in the ALPS index among nonusers and
marijuana users with various lifetime usage frequencies (model 1 [P = 0.506], model 2 [P = 0.488]; FIG 3B).

Associations between age of first marijuana use or the number of uses in lifetime and ALPS index in marijuana users

We observed that a lower ALPS index was associated with younger ages at first marijuana use in both linear regression (model 1
[standardized B, —0.20 [standard error {SE}: 0.016]; P = 0.041; VIF = 1.22], model 2 [standardized B, —0.20 [SE: 0.016]; P = 0.037; VIF
= 1.23]) and partial correlation (model 1 [r = —0.19; P = 0.041], model 2 [r = —0.19; P = 0.037]) analyses. However, no significant
association was found between the ALPS index and the number of marijuana uses in both linear regression (model 1 [standardized B,
—0.090 [SE: 0.011]; P = 0.36; VIF = 1.25], model 2 [standardized B, —0.088 [SE: 0.011]; P = 0.37; VIF = 1.25]) and partial correlation
(model 1 [r=-0.086; P = 0.36], model 2 [r = —0.084; P = 0.37]) analyses.

Associations between cognitive performance and ALPS index in marijuana users

A lower ALPS index was significantly associated with lower accuracy in the working memory 0-back task in MLR (model 1 [standardized
B, 0.20 [SE: 0.001]; P = 0.042; VIF = 1.27], model 2 [standardized 3, 0.22 [SE: 0.001]; P = 0.030; VIF = 1.32]) and partial correlation
(model 1 [r = 0.19; P = 0.041], model 2 [r = 0.20; P = 0.030]) analyses. Additionally, a lower ALPS index was associated with fewer
correct responses in the fluid intelligence test in MLR (model 1 [standardized B, 0.19 [SE: 0.003]; P = 0.045; VIF = 1.16], model 2
[standardized B, 0.21 [SE: 0.003]; P = 0.031; VIF = 1.20]) and partial correlation (model 1 [r = 0.19; P = 0.040], model 2 [r = 0.21; P =
0.031]) analyses. These findings suggest subtle but significant effects of marijuana use on working memory and fluid intelligence.

(A) Ages of first marijuana use (B) Lifetime usage frequencies

> o P=0.160 ¢ A P=0.506
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ALPS index
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ALPS index
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FIG 3. Raincloud plots of ALPS indices (A) among nonusers (individuals with zero lifetime cannabis use) and users (those who
reported using marijuana at least once in their lifetime) with different ages of first use and (B) among nonusers and users with
various lifetime usage frequencies. The P-values correspond to univariate general linear model after controlling for age, sex, years
of education, tobacco use, alcohol use, Pittsburgh Sleep Quality Index score, and intracranial volume.

Additional analyses
Between-group differences in FA

We found no significant differences in FA values among nonusers and marijuana users with different ages of first use (P = 0.866) or those
with various lifetime usage frequencies (P = 0.742).
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Association between ALPS index and ICV

There was no significant association was observed between the ALPS index and ICV (r=-0.11; P = 0.257).

DISCUSSION

The present study has expanded the potential applications of diffusion MRI-based measures, including the ALPS index, as noninvasive
indirect indicators of the glymphatic system in young adults. Our results provide evidence of adverse effects of younger age at first use of
marijuana on the glymphatic system function, as indexed by ALPS index. Furthermore, associations were observed between a lower ALPS
index and impaired working memory and fluid intelligence in marijuana users.

Our findings suggest that an earlier age of first marijuana use is linked to potential impairment of the glymphatic system, indicated by
a lower ALPS index. A lower ALPS index appears to signify reduced water diffusivity within perivenous spaces, possibly due to
compromised glymphatic clearance flow, specifically, a reduction in CSF-ISF drainage toward the perivenous space.'® However, group
comparison revealed no significant differences in the ALPS index among nonusers and marijuana users with different ages of first
marijuana use or those with various lifetime usage frequencies. This observation could imply that the marijuana use in our study sample
might not be severe enough to yield noticeable effects. Our findings align with a prior study assessing HCP data, indicating that an earlier
onset of marijuana use was associated with lower white matter coherence.* Similar to our results, they found no significant differences in
white matter between marijuana users and nonusers.* Furthermore, these negative findings may be because of the imbalanced number of
subjects in each group, particularly the limited number of younger age first-time marijuana users and those with a higher frequency of
lifetime use, which might have reduced the statistical power. Future studies should aim to include a larger and more balanced number of
subjects in each group.

The early initiation of substance use has been observed to impact the developing adolescent brain, including the endocannabinoid
system.3* A9-tetrahydrocannabinol (THC), the primary psychoactive component of cannabis, acts as an agonist of the type-1 cannabinoid
(CBL1) receptor.® CBL receptors are expressed in astrocytes, and mounting evidence suggests that persistent activation of mouse astroglial
CBL1 receptors associated with mitochondria disrupts glucose metabolism and lactate production in the brain. Consequently, this
disturbance leads to changes in neuronal activity and impaired cognitive function.3¢ Astrocytes play a crucial role in the glymphatic system
by creating perivascular spaces with their vascular endfeet around the cerebral vasculature.” Thus, it is possible that marijuana use disrupts
glymphatic flow by affecting astrocyte function, warranting further investigation.

The use of cannabis, especially at an early age and with frequent usage, has been associated with an increased risk of cognitive
impairments.3% 3 Consistent with a previous study,*® marijuana users in our cohort exhibited significantly lower fluid intelligence scores
compared to nonusers, indicating a reduced ability to think logically and solve problems in novel, unfamiliar situations. We also observed
a correlation between a lower ALPS index and a decrease in the number of correct responses in the fluid intelligence test. Furthermore,
despite no difference between marijuana users and nonusers, we identified a correlation between a lower ALPS index and a decrease in
accuracy on the working memory test. Early investigations of working memory in marijuana users have indicated that acute cannabis use
is associated with impairments in holding, manipulating, and remembering information.*! A study comparing groups based on amyloid-p
status found a more significant decline in fluid intelligence among those in the amyloid-B positive group compared to the amyloid-p
negative group.*> However, this study involved older adults. Based on our findings, further research should evaluate amyloid-B deposition
in young adults, particularly in marijuana users. THC has been suggested as the primary contributor to working memory deficits linked to
the duration of cannabis use.*! Taken together, our findings suggest that cognitive impairment related to marijuana use might be linked to
reduced clearance of brain waste products (e.g., amyloid-p) due to glymphatic system dysfunction, potentially associated with the
activation of CB1 receptors.

Our findings revealed a significant difference in ICV between marijuana users and nonusers, with marijuana users exhibiting lower
ICV values. Interestingly, prior studies have consistently reported no significant differences in ICV between individuals who use marijuana
and those who do not.*® 4 Consequently, we assumed that the observed lower ICV values among marijuana users may be attributed to
individual variation. To account for the potential influence of ICV on the evaluation of the ALPS index, we incorporated ICV as a covariate
in all statistical analyses. Furthermore, we assessed the correlation between ICV and the ALPS index and found no significant results.
However, a previous study suggested that marijuana use during adolescence is linked to reduced cortical thickness, particularly in
prefrontal regions.?® In our future research, we will explore the correlation between the ALPS index and regional cortical thickness to gain
further insights.

The present study has some limitations. First, it is a cross-sectional study. To assess changes in the marijuana-related ALPS index,
future studies should use longitudinal data from larger population samples with a balanced representation of marijuana usage levels.
Second, the study did not employ MRI-based tracers, considered the current gold standard for assessing glymphatic function in humans.’
However, the ALPS index showed a high correlation with glymphatic clearance function, as determined through glymphatic MRI following
intrathecal administration of gadolinium.'* Third, it is important to note that the ALPS index does not solely assess the diffusivity of the
perivenous space surrounding the deep medullary vein; it is also influenced by the adjacent white matter microstructure within the ROI.
As a result, the interpretation of the ALPS index requires careful consideration and warrants additional investigation. However, the
significant associations between the ALPS index and younger ages at first marijuana use or cognitive performance were maintained even
after including FA as a covariate in model 2. Furthermore, we did not observe significant changes in FA between non-users and users with
different ages of first use or various levels of lifetime usage. These findings suggest that the ALPS index measurements in marijuana users
identified in this study were primarily attributed to changes in water diffusivity in the perivenous space and were less likely affected by
alterations in white matter integrity. However, considering that marijuana users have shown reduced white matter integrity, and given the
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known role of the glymphatic system in maintaining this integrity, further research is warranted to explore the potential link between the
integrity of individual white matter tract and glymphatic clearance in marijuana users. Finally, this study focused only on the ALPS index;
however, there are some alternative methods for evaluating the human glymphatic system, each with its own advantages and disadvantages,
as recently nicely summarized by Kamagata et al.'’

CONCLUSIONS

Our findings showed that a lower ALPS index value was correlated with an earlier age of first marijuana use. The lower ALPS index
observed in recreational marijuana users may indicate a potential link between marijuana use and glymphatic function impairment. This
study suggests associations between glymphatic dysfunction in marijuana users and deficits in working memory and fluid intelligence.
However, no significant differences in the ALPS index were observed among nonusers and marijuana users with different ages of first
marijuana use or those with various lifetime usage frequencies. The lack of significant findings might be because of the nature of marijuana
use in our study sample, which may not have been severe enough, and the imbalanced number of subjects in each group. Future studies
should aim to include subjects with heavier use and a more balanced number of subjects in each group. Finally, it is important to exercise
caution when interpreting the results due to the limitations of this study.
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SUPPLEMENTAL FILES
Study participants

Inclusion criteria for analysis required data from participants who underwent diffusion and T1-weighted imaging scans that passed quality
control, provided complete Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA) information, scored >26 on the Mini-
Mental State Examination (MMSE), had never met DSM-IV criteria for a major depressive episode, had never met DSM-IV criteria for
alcohol abuse and/or dependence, and had not used non-marijuana illicit drugs more than 2 times. Participants with systolic/diastolic blood
pressure exceeding >140/90 mmHg and those with a Pittsburgh Sleep Quality Index (PSQI) score >5 were further excluded, given that
glymphatic system dysfunction has been observed in individuals with hypertension® 2 and sleep disorders.® Following these inclusion
criteria, the resulting sample comprised 129 individuals who reported using marijuana use at least once in their lifetime and 201 non-users.
Cognitive assessment scores, including executive functions, episodic memory, fluid intelligence, processing speed, and working memory,
were obtained from each participant (Table 1). Marijuana users with incomplete cognitive-related scores were excluded from the analysis,
resulting in a final sample of 125 marijuana users for our study. We also selected 125 non-marijuana users matched for age, sex, education,
body mass index, systolic/diastolic blood pressures, MMSE scores, PSQI scores, as well as alcohol and tobacco use. This was performed
using the matchControls package in R (https://search.r-project.org/CRAN/refmans/e1071/html/matchControls.html).

Tobacco and alcohol use

Tobacco use was assessed by utilizing a composite measure derived from averaging the Z-scores of various SSAGA measures. These
measures included "Total times used/smoked any tobacco in the past 7 days," "Cigarettes per day when smoking regularly,” "Years since
respondent smoked the last cigarette," and "Years smoked." This approach allowed us to consider the combined impact of both recent and
past tobacco use. Similarly, alcohol use was quantified through a composite measure that accounted for the frequency of both recent and
past drinking. This composite measure was calculated by averaging the Z-scores of several SSAGA measures, such as "Total drinks in the
past 7 days," "Drinks per drinking day in the past 12 months," "Frequency of any alcohol use in the past 12 months," "Drinks per day in
the heaviest 12-month period," and "Frequency of any alcohol use in the heaviest 12-month period." If necessary, scores were reversed to
ensure that higher values indicated more severe or prolonged use.

Imaging data acquisition and preprocessing

Diffusion-weighted images were acquired using a Spin-Echo Echo Planar Imaging sequence with the following parameters: repetition
time, 5520 ms; echo time, 89.5 ms; flip angle, 78°; gradient duration, 10.6 ms; gradient separation, 43.1 ms; field of view, 210 x 180;
voxel size, 1.25 x 1.25 x 1.25 mm?; phase partial Fourier, 6/8; multiband factor, 3; bandwidth, 1488 (Hz/Px); b-values, 1000, 2000, and
3000 s/mm? with 90 gradient directions at each shell; and b0 images, 18. For each scan, diffusion-weighted images were acquired twice
with opposite phase encoding directions to correct for susceptibility-induced image distortions. Images with opposite phase encoding
directions were combined to obtain the final image during preprocessing.

T1-weighted images were acquired using a 3D Magnetization-Prepared Rapid Gradient-Echo sequence with the following parameters:
repetition time, 2400 ms; echo time, 2.14 ms; inversion time, 1000 ms; flip angle, 8°; field of view, 224 x 224; voxel size, 0.7 x 0.7 x 0.7
mm?3; bandwidth, 210 (Hz/Px); acquisition time, 7 min 40 sec.

Intracranial volume measurements

The estimated intracranial volume (ICV) was obtained for each study participant using T1-weighted images in FreeSurfer version 6.0.0
(http://surfer.nmr.mgh.harvard.edu/fswiki) with the recon-all pipeline.* A recent study showed a high correlation (R? = 0.801) between
ICV measured using FreeSurfer and manual measurements, considered the gold standard.® Furthermore, we manually inspected the skull
stripping and brain segmentation results of each subject to ensure the accuracy of the brain volumetry.
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1 Supplemenary Table 1. Demographic and characteristics of study participants

Non-users Users P-values
N =125 N =125

Age (years; mean = SD) 28.82 + 3.56 28.60 + 3.84 0.623

Sex (N, Male/Female) 44/81 43/82 0.894

Education years (mean + SD) 15.30 + 1.53 15.05 + 1.76 0.405

Body mass index (kg/m?; mean + SD) 24.96 + 4.23 25.13 £ 4.29 0.613

Systolic blood pressure (mmHg; mean + SD) 119.50 + 10.84 118.55 + 10.01 0.367

Diastolic blood pressure (mmHg; mean + SD) 72.95 +7.36 73.34 £ 8.41 0.402

Pittsburgh Sleep Quality Index score (mean + SD) 3.23+1.26 3.57 + 1.36 0.022

Alcohol use (Z-scores; mean + SD) -0.22 + 0.69 0.20 £ 0.76 <0.001

Tobacco use (Z-scores; mean + SD) -0.25 + 0.51 0.24 +1.05 <0.001

Marijuana use:

Age of first use (years; N; <14/15-17/18-20/>21) 9/41/51/24

Times used in lifetime (N; 1-5/6-10/11-100/101-999/>1000) 69/14/28/8/6

Intracranial volume (mL; mean + SD) 1585.28 + 166.98 1538.05 + 181.54 0.033

2
3 Supplementary Table 2. Cognitive tests
Test Function Non-users Users P-values
Mean SD Mean SD

MMSE Global cognitive function (mini-mental 29.16 0.93 29.18 0.96 0.785
state examination)

CardSort_AgeAdj Executive function/cognitive flexibility 103.07 9.79 102.09 9.22 0.424
(dimensional change card sort)

Flanker_AgeAd]j Executive function/inhibition (flanker 102.19 9.80 101.25 10.30 0.511
task)

PicSeq_AgeAdj Episodic memory (picture sequence 108.61 16.09 105.83 18.49 0.211
memory)

PMAT24_A_CR Fluid intelligence correct responses 18.02 4.52 16.48 4.90 0.010
(Penn progressive matrices)

PMAT_24_A RTCR Fluid intelligence reaction time, correct 17920.94 10305.98 14753.84 9012.69 0.011
responses (Penn progressive matrices)

ProcSpeed_AgeAdj Processing speed (pattern completion 104.84 21.03 101.53 20.43 0.208
processing speed)

ListSort_AgeAdj Working memory (list sorting) 105.71 13.22 103.14 14.71 0.147

WM _Task_2bk_Acc Working memory accuracy (2-back task) 84.94 9.81 84.52 9.19 0.434

WM_Task_2bk_Median_RT Working memory reaction time (2-back 973.42 146.33 983.62 135.34 0.452
task)

WM_Task_0bk_Acc Working memory accuracy (0-back task) 91.41 10.16 89.47 10.63 0.088

WM_Task_Obk_Median_RT Working memory reaction time (0-back 743.69 113.95 776.36 140.78 0.096

task)
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