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Abstract
Given the growing trend toward permissive societal attitudes and the legalization of cannabis, coupled
with an increasing recognition of its therapeutic potential, there has been a notable rise in cannabis
consumption among older adults. Cognitive aging, one of the most prevalent concerns in this
demographic, intersects with cannabis use, which shares several neural correlates. However, the precise
impact of cannabis on the aging brain and cognitive function remains poorly understood. In this study,
we leveraged large-scale data from the UK Biobank, which includes over 25,000 participants, to conduct
a comprehensive examination of the relationships between cannabis use, normative aging, and cognitive
function. Our focus was on how these factors correlate with brain functional network connectivity (FNC),
aiming to elucidate the interactive effects underlying brain neuroimaging patterns. Our findings reveal
that cannabis usage and healthy aging are associated with overlapping brain network configurations,
particularly within the FNC between subcortical and sensorimotor regions, as well as between
subcortical and cerebellar areas, albeit with significantly reversed effects. Notably, cannabis users
exhibited superior performance across multiple cognitive domains, and interestingly, the effects of
cannabis and cognition are presented concurrently across a range of brain systems. In conclusion, our
study offers valuable insights into the potential influence of cannabis on brain aging and cognitive
performance. The results suggest that cannabis users display brain network characteristics typically
associated with younger brains, along with enhanced cognitive abilities, highlighting a potential
modulatory role for cannabinoids and endocannabinoids in neurodegenerative processes, as explained
through neural dedifferentiation and compensation theories.

Introduction
Cannabis remains the most widely used illicit substance globally. It has traditionally been associated
with a range of adverse outcomes, including elevated risks of academic underachievement,
unemployment, psychiatric disorders, suicidal ideation, cannabinoid hyperemesis syndrome, and
cardiovascular complications1. However, in recent years, shifting societal norms, increasing legalization,
and growing recognition of cannabis’s therapeutic potential have led to a marked rise in its
consumption2–4. Currently, cannabis ranks as the third most commonly used psychoactive substance,
following alcohol and tobacco5. Importantly, older adults represent the fastest-growing demographic of
cannabis users6. This population is increasingly turning to cannabis as a potential intervention for

managing chronic physical and mental health conditions7. Over the past decade, self-reported cannabis
use among older individuals has risen substantially, with prevalence rates ranging from 10.0–11.9%
among those aged 45–64 and from 4.1–5.9% among those aged 65 and above8. Given the distinct
neurobiological, physiological, and psychosocial changes that accompany aging, the effects of cannabis
in older adults may differ significantly from those observed in younger populations. These age-related
changes may modulate both the pharmacodynamics and the functional outcomes of cannabis use.
Therefore, there is a pressing need for rigorous, systematic research to evaluate the impact of cannabis
consumption in later life, particularly concerning its effects on key domains of normative aging.
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Cannabis use leads to significant alterations in both brain structure and function across diverse
populations. These neural changes encompass modifications in gray matter and white matter volumes,
cortical thickness, and patterns of functional activation and connectivity observed during both task-
based and resting-state neuroimaging9–13. For example, even minimal exposure—such as one or two
instances of cannabis use—has been linked to increased gray matter volume in regions including the
bilateral medial temporal lobes, posterior cingulate cortex, lingual gyri, and cerebellum among
adolescents14. Notably, some of these changes have been linked with variations in cognitive reasoning
and the emergence of anxiety-related symptoms later in life. A recent systematic review synthesizing
findings from 21 neuroimaging studies on cannabis use reported that the majority of investigations
identified increased resting-state functional connectivity (FC) among cannabis users, particularly within
frontal brain networks12. These networks are critically involved in a wide range of cognitive functions,
suggesting that cannabis use may modulate large-scale brain systems related to executive processes,
attention, and affect regulation.

Cognitive aging represents a critical dimension of brain health, with substantial implications for the daily
functioning and quality of life in older adults. Emerging findings from cognitive neuroscience have
demonstrated that both normative aging and individual differences in cognitive performance are
associated with reorganization within overlapping large-scale brain networks15–17. These patterns
suggest that neuroimaging can serve as a reliable modality for characterizing the neural substrates of
cognitive aging and tracking changes in brain function throughout the aging process. Given the known
influence of cannabis on neural systems, it is plausible that cannabis use may interact with mechanisms
underlying brain aging and cognitive performance. Neuroimaging offers a powerful approach for
disentangling these complex relationships. Prior research has shown that cannabis use is associated
with alterations in brain activity across multiple cognitive domains, including memory processing18,

social and emotional regulation19, and executive functioning20,21. A deeper understanding of the
neurobiological effects of cannabis on cognitive functioning across the aging spectrum is essential for
informing the development of targeted, evidence-based interventions. Such insights may ultimately
contribute to the use of cannabinoid-based therapies aimed at mitigating or potentially reversing age-
related cognitive decline.

Several studies have explored the effects of cannabis on brain function and cognitive aging, but the
findings are often inconclusive and sometimes contradictory6,22,23. For instance, several investigations
have reported that cannabis users show diminished FC within the frontal network and between the
frontal and temporal networks13,24,25, while others have observed increased FC among similar areas

associated with cannabis usage26,27. A recent review highlighted significant heterogeneity and
methodological limitations in the existing body of research on cannabis use and cognitive function,
suggesting that definitive conclusions regarding its effects on the brain remain elusive28. One plausible
explanation for these inconsistencies is the frequent use of small sample sizes in earlier studies, which
may lack sufficient statistical power to accurately capture the real associations between cannabis
consumption and brain function. Indeed, the effect sizes between behavioral phenotypes and brain
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activity are often smaller than anticipated, with false negative rates remaining high (50%-75%) even in
studies with samples as large as 2,000 participants29.

Furthermore, while existing studies have concentrated on structural brain markers, functional
neuroimaging techniques have been relatively underutilized in exploring the complex relationships
between cannabis use, brain aging, and cognitive decline. Neuroimaging research has demonstrated that
functional imaging is more sensitive to changes than anatomical imaging30, with stronger associations

to cognition and greater disruption in brain disorders31. However, the connections between brain age,
cognition, and cannabis use have yet to be comprehensively examined, particularly in terms of their
shared and distinct neural representations as captured by functional neuroimaging methods. Therefore,
large-scale, thorough investigations such as the present study, which encompasses over 25,000
participants, can provide invaluable insights into the effects of cannabis on cognitive aging. This
research has the potential to enhance our understanding of the neural mechanisms that link functional
brain organization to cannabis use in the context of normal aging.

Leveraging large-scale neuroimaging and behavioral data from the UK Biobank (UKB) cohort, the present
study employed a fully automated, data-driven analytical framework, namely NeuroMark, to investigate
connectome-based signatures associated with cannabis use, brain aging, and cognitive performance.
The primary objective was to elucidate the impact of cannabis use on healthy cognitive aging in older
adults. By extracting and comparing correlated FC patterns and their associated effect maps, we aimed
to quantify the extent to which cannabis use and cognitive aging converge within the brain’s functional
architecture. We hypothesized that cannabis use may influence brain aging and cognitive function by
modulating the organization of large-scale functional networks. Specifically, we posited that
cannabinoids and endocannabinoids exert neuroprotective effects, potentially supporting cognitive
resilience and mitigating age-related neurodegeneration. These effects may operate through
mechanisms such as neural dedifferentiation and compensatory reorganization of brain networks,
reflecting an adaptive process that sustains cognitive performance in the aging brain.

Materials and Methods

Participants
UKB is a large-scale, ongoing, longitudinal cohort study designed to investigate a wide range of genetic,
environmental, and lifestyle factors influencing health outcomes. Initiated in 2006, the study has
recruited over 500,000 participants from across the United Kingdom, collecting extensive phenotypic,
clinical, and behavioral data. In 2014, a subset of participants began undergoing multimodal brain
imaging, referred to as the "imaging visit," with follow-up imaging (the "first repeat imaging visit")
commencing in 2019 for a portion of this cohort. The present study, conducted under UKB Application ID
34175, utilized imaging and behavioral data from a subset of 37,929 participants aged between 44 and
81 years. This curated dataset enabled robust analysis of functional brain networks in relation to
cannabis use, brain aging, and cognitive function.
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Preprocessing
We obtained preprocessed resting-state functional MRI (rsfMRI) data from the UKB Accelerating
Medicines Partnership (AMS) server (https://ams.ukbiobank.ac.uk/ams/). We performed spatial
normalization to align the rsfMRI volumes with the standard echo-planar imaging (EPI) template
space32,33. Spatial smoothing was then applied using a Gaussian kernel with a full width at half
maximum (FWHM) of 6 mm to enhance the signal-to-noise ratio. To ensure the integrity and reliability of
the imaging data, we implemented a rigorous quality control (QC) pipeline based on the NeuroMark
framework33. This procedure involved a thorough assessment of both spatial and temporal properties of
the rsfMRI data. Scans exhibiting excessive head motion—defined as rotational displacements greater
than 3 degrees, translational movements exceeding 3 mm in any direction, or a mean framewise
displacement (FD) exceeding 0.35 mm—were excluded from further analysis. Additionally, to verify
spatial quality, we assessed the similarity between each scan’s brain mask and the group mask,
excluding scans that fell below predefined correlation thresholds.

For participants with two imaging sessions that passed QC, only the first scan was retained. This QC
protocol, which has been validated and employed in our previous work34–38, ensures the robustness and
fidelity of the imaging data by minimizing confounding influences from motion artifacts and
preprocessing anomalies. More details regarding the preprocessing and quality control procedures are
provided in the supplementary material sections “Minimal Preprocessed Data and Normalization” and
“Quality Control for the rsfMRI Data”.

Phenotypic Information and Cognitive Assessments
The primary variable of interest in this study was lifetime cannabis use, derived from UKB Data-Field
20453 ("ever taken cannabis"). Participant answers to the question, “Have you used cannabis (marijuana,
grass, hash, ganja, blow, draw, skunk, weed, spliff, dope), even if it was a long time ago?” were
categorized as follows for the present study: none-users (0 time) and cannabis users (at least 1 time).
The cannabis users were also divided into subgroups: light users (1 ~ 10 times) and heavy users (more
than 10 times). Additional covariates included participant age at the time of the imaging session (Data-
Field 21003) and biological sex (Data-Field 31). Sex information was obtained from the central NHS
registry at the time of recruitment and may include a combination of registry-based and self-reported
data. These variables were incorporated to control for demographic variation and to explore potential
moderating effects in the relationship between cannabis use, brain function, and cognitive aging.

For the cognitive assessments, we utilized the UKB cognitive battery39, which encompasses a series of
tasks designed to evaluate cognitive functioning across multiple domains, including executive function,
memory, reasoning, and vocabulary. These domains are particularly pertinent given their potential
association with cannabis use and its neurocognitive implications. We selected nine cognitive tasks that
provide comprehensive coverage and align with the objectives of the present study: (1) reaction time
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test, (2) fluid intelligence test, (3) numeric memory test, (4) trail-making test, (5) symbol digit substitution
test, (6) picture vocabulary test, (7) paired associate learning test, (8) tower rearranging test, and (9)
matrix pattern completion test. Detailed descriptions and related data fields of each task are provided in
the supplementary material section “UK Biobank Cognitive Assessments”.

NeuroMark to Extract Functional Network Connectivity
NeuroMark to Extract Functional Network Connectivity
We employed the fully automated Independent Component Analysis (ICA) framework "NeuroMark" to
extract individual-level FC features. Specifically, we utilized the NeuroMark 1.0 functional template as a
spatial prior in a spatially constrained ICA, enabling the estimation of subject-specific intrinsic
connectivity networks (ICNs) and their associated time courses (TCs). Following decomposition, we
conducted post-processing of the TCs and calculated functional network connectivity (FNC) using
Pearson correlation coefficients between the post-processed TCs of all network pairs, yielding subject-
level whole-brain FNC matrices. These FNC values were subsequently standardized via z-scoring,
facilitating cross-subject comparability. NeuroMark provides a robust hybrid framework that ensures
consistency of extracted features across individuals and imaging sessions while also accounting for
inter-individual variability in single-scan estimates. Its effectiveness in identifying reproducible and
biologically meaningful neuroimaging biomarkers has been validated across a wide range of studies and
clinical populations35,40–44. Additional details about the NeuroMark framework and FNC estimation can
be found in the supplementary material section "NeuroMark Framework and Functional Network
Connectivity."

Associations Between FNC and Cannabis Use, Age, and Cognition
To examine FNC alterations associated with cannabis use, we employed a linear mixed-effects model
(LMM) for each pairwise FNC measure. This modeling approach is well-established in large-scale
neuroimaging analyses and has demonstrated robust performance in identifying brain-behavior
relationships across diverse populations45–47.

In our primary analysis, each FNC pair served as the dependent variable, with cannabis use included as a
fixed effect. Additional covariates—age, sex, and mean FD—were also incorporated as fixed effects to
control for demographic and motion-related confounds. To further investigate normative aging effects
on FNC, we conducted a separate LMM analysis restricted to non-users, modeling each FNC pair as a
function of chronological age, with sex and mean FD included as covariates. In addition, to evaluate
whether cannabis use is associated with differences in cognitive performance, we first conducted two-
sample t-tests comparing cognitive assessment scores between cannabis users and non-users while
controlling for age, sex, and mean FD as covariates. Subsequently, to investigate the neural correlates of
cognitive performance independent of cannabis exposure, we applied the LMM within the non-user
subgroup. Each pairwise FNC measure was modeled as the dependent variable, and each cognitive
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assessment score was a fixed effect. Age, sex, and mean FD were also included as fixed covariates to
account for potential demographic and motion-related confounding factors.

For each LMM analysis, we computed the correlation (r), t-statistic (t), and effect size (Cohen’s d) to
quantify the strength and direction of the associations between FNC and the variables of interest—
namely, cannabis use, chronological age, and cognitive performance. To control for the inflated risk of
Type I error due to multiple comparisons across numerous FNC pairs, we applied false discovery rate
(FDR) correction using the Benjamini–Hochberg procedure48. This approach ensured rigorous statistical
inference while maintaining an acceptable false-positive rate across the high-dimensional connectivity
data.

Correlative Network Anatomy and Overlap between Models
The correlative relationship between each FNC and factors such as cannabis use, age, and cognitive
performance can be quantified using the t-value estimated from the LMM. For each association model—
specifically, the associations between FNC and cannabis use, age, or each cognitive assessment—we
generated an FNC-level representation based on the aggregated t-values. To identify functional domains
that play a significant role in explaining these correlative relationships, we grouped the ICNs into seven
functional domains according to the NeuroMark 1.0 functional template definition. For each pair of
functional domains, we summed the t statistics of all FNC pairs and then normalized this sum by the
total number of FNCs belonging to that domain pair49. This normalization helps control for the influence
of domain size. After obtaining these FNC- and domain-level representations, we evaluated the similarity
and distinction of the correlative models. We calculated the Pearson correlation between the t-value
maps from the cannabis-use model and those from the age model and each cognitive assessment
model, at both the FNC and functional domain levels.

Code Availability
The NeuroMark framework, along with its templates, has been fully integrated into the Group ICA of fMRI
Toolbox (GIFT, https://trendscenter.org/software/gift/), which is publicly available for download and use
by the global research community. Additional code and analytical resources used in the present study
are available upon reasonable request from the corresponding author.

Results

Brain Parcellation
NeuroMark QC identified 23970 subjects who had at least one valid scan to investigate FNC associated
with cannabis use. Among these subjects, we included 18482 non-users for the association analysis
between FNC and age. The completion rates for various cognitive assessments differed, resulting in
11586 to 17146 non-users available for the association analyses between FNC and different
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assessments. Detailed demographic information is provided in Table 1. Assuming moderate
observational errors (approximately 5% of the mean) in neuroimaging data and weak effects (with a
correlation coefficient of r = 0.1), a sample size of > 11586 subjects is sufficient to achieve a power of
0.80 and a Type I error rate of 0.05 in the association analysis. The 53 ICNs identified by the NeuroMark
1.0 functional template were categorized into seven functional domains, as illustrated in Table S1 and
Figure S1. This classification was based on the AAL atlas and our previous research50. The seven
domains are as follows: subcortical (SC), auditory (AUD), visual (VS), sensorimotor (SM), cognitive
control (CC), default mode (DM), and cerebellar (CB).

Cannabis Use associated FNC Changes
Figure 1 illustrates the findings on FNC and its relationship with cannabis use in the UKB samples. In
Fig. 1A, we show the averaged FNC patterns across cannabis users and non-users. The results reveal
modular patterns within each functional domain, consistent with previous research on other datasets.
This consistency supports the validity of applying the NeuroMark framework to the UKB data. Figure 1B
presents the significant t-statistics from the LMM analysis that compares FNC between cannabis users
and non-users (p < 0.05, FDR corrected). Figure 1C employs circular plots to illustrate the increases and
decreases in FNC associated with cannabis use. Cannabis use had varied effects on whole-brain FNC.
Specifically, cannabis users exhibited increased FNC within the SC, AUD, SM, and CB domains. In
contrast, users showed decreased FNC in the DM domain. The impact of cannabis on FNC within the CC
domain is mixed, with both increases and decreases in connectivity noted. Additionally, cannabis use did
not appear to affect any FNC in the VS domain. When examining the connectivity between different
domains, cannabis users showed decreased FNC between the SC/CB and SM/VS domains but increased
FNC between the SC and CB domains. The FNC between the CC and DM domains exhibited
heterogeneous changes in cannabis users. Figures 1D and 1E summarize the positive and negative t-
values at the domain level. Overall, these findings align with the observation at the FNC level that within-
domain FNC tends to increase in cannabis users, except in the DM and VS domains.

Cannabis and Normal Aging: FNC as a Neural Substrate of
Association
To further probe the relationship between cannabis use and FNC alterations, we categorized the
significant FNC into four groups based on their signs and the direction of change. Specifically, we found
that 125 pairs of positive FNC and 195 pairs of negative FNC decreased among cannabis users, and 138
pairs of positive FNC and 183 pairs of negative FNC increased in this group. We then segmented the
subjects into different age groups (45–55 years, 56–65 years, and 66 + years). We averaged the t-values
within each group across FNC pairs and subjects, and the results are displayed in Fig. 2. Figure 2A
illustrates the findings for the positive FNC that declined in cannabis users. Interestingly, we observed
opposing effects between cannabis use and aging on FNC. Increased cannabis usage was associated
with a decrease, while normal aging correlated with an increase in these pairs of FNC. Similar patterns
were noted in the other groups (see Figs. 2B, C, and D), where cannabis use and normal aging exhibited
reversed effects on FNC alterations.



Page 9/26

Figure 3 presents the results of the associations between age and FNC, offering additional evidence that
cannabis use was linked to normal aging in this context. A summary of the t-maps from low-level FNC
(Fig. 3A) to high-level domains (Fig. 3B) revealed significant trends. The FNC and functional domains
that showed a significant association with cannabis use also demonstrated considerable involvement in
the aging process, albeit in contrasting directions. That is, FNC patterns that increased or decreased in
strength with aging were lower or higher among cannabis users, respectively. For instance, the FNC
between the SC and SM domains was diminished in cannabis users, while it strengthened with aging.
Conversely, the FNC between the SC and CB domains was elevated among cannabis users but
decreased in strength as age increased. At the FNC level, the t-values associated with cannabis use and
age were inversely correlated (r = -0.3384, p < 10− 5, Fig. 3C). When summarizing the whole-brain
connectome in the functional domain representations, we noted a generally elevated correlation between
models related to cannabis use and aging (r = -0.6851, p < 10− 4, Fig. 3D). Notably, FNC within the CB
domain, as well as the connectivity between SC and CB domains, exhibited the most positive t-values
associated with cannabis use (higher in users) and the most negative t-values with aging (declining
across age). In contrast, the FNC between SC and AUD/SM domains and between the SM and CB
domains displayed the most negative t-values linked to cannabis use (lower in users) and the most
positive t-values associated with aging (increasing with age).

Cannabis and Cognition: FNC as a Neural Substrate of
Association
Normal aging typically involves a gradual decline in cognitive abilities, particularly in processing speed,
working memory, and executive function. As illustrated in Fig. 4, six out of nine cognitive assessments
showed significant effects with normal aging, where five scores declined with aging and the picture
vocabulary score increased with aging. When we divided the subjects into cannabis users and non-users,
we still observed similar trends in cognitive decline/increase associated with aging. Furthermore, we
found that cannabis use had positive effects on most cognitive functions compared to normal aging.
Specifically, cannabis users performed better in various cognitive tasks, including tower rearranging,
matrix pattern completion, paired associate learning, numeric memory, fluid intelligence, and picture
vocabulary. Additionally, these effects—where cannabis users outperform non-users—were evident
across different age groups (45–55 years, 56–65 years, and 66 + years).

The results from the LMM on the cognitive assessments offer further evidence of the connection
between cannabis use and cognition, particularly in relation to functional brain imaging. After eliminating
confounding effects caused by cannabis use, we found that cognitive assessments were significantly
associated with FNC across the entire brain (p < 0.05, FDR corrected). To further elucidate the
relationship between cannabis use and cognition at the neural level, we examined the overlap in FNC
models associated with cannabis use and cognitive performance. We discovered positive correlations
between the t-values for cannabis use and cognitive performance at the FNC level (r = 0.4254 to 0.6826,
p < 10− 5, Fig. 5A). The strongest correlation was between cannabis use and performance on the tower
rearranging task (r = 0.6826, p = 1.01 × 10− 189). These positive correlations in connectivity t-values
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between cannabis use and cognitive assessments support their behavioral relationship. Given that the
cognitive models were similar (r = 0.3951 to 0.8143), we presented three examples of correlation effects
between cannabis use and cognitive function for simplicity in Fig. 5B. Domain-level analysis revealed
similar correlation patterns aligned with the FNC-level results (r = 0.6145 to 0.7882, p < 10− 4). FNC within
the SC and CB domains, as well as between the SM and VS domains, demonstrated the highest positive
t-values linking to cannabis use and cognitive performance. In contrast, FNC between the CB and VS/SM
domains, as well as between the SC and SM domains, exhibited the highest negative t-values associated
with cannabis use and cognitive performance. Taken together, these findings indicate that cannabis use
modulates FC in brain networks that are critically involved in cognitive functioning.

Discussion
In the present study, we investigated the effects of cannabis use on functional brain connectivity and its
relationship to cognitive aging, a critical issue in geriatric neuroscience. Our results demonstrated
significant associations among cannabis use, chronological age, and cognition, as reflected in
overlapping widespread alterations in brain network connectivity. These findings suggest that cannabis
use may be associated with a deceleration of neural aging processes and the preservation of cognitive
function in older adults. Converging neural patterns linked to cannabis use, aging, and cognition were
observed, indicating overlapping connectivity signatures. Specifically, cannabis use was associated with
increased FC within and between subcortical and cerebellar regions, enhanced connectivity between
sensorimotor and visual networks, and reduced connectivity between subcortical/cerebellar regions and
sensory cortices. These connectivity profiles may reflect a potential neuroprotective or compensatory
effect of cannabis, potentially mitigating age-related neural dedifferentiation15,51. Collectively, these
findings provide novel insights into the complex and multifaceted relationships among cannabis use,
cognitive aging, and the organization of large-scale brain networks.

Cannabis, Brain Aging Deceleration and Cognitive
Preservation in Elderly
Cannabis has been utilized for millennia across medicinal, spiritual, and recreational contexts. In
contemporary discourse, however, it is frequently associated with adverse health outcomes, particularly
those involving neural function. Cannabis-related alterations in mood, cognition, and perception can lead
to elevated risks for psychiatric conditions, including depression, anxiety, suicidal ideation, and
psychosis52,53. During recent years, legislative reforms and increasing recognition of the therapeutic
potential of cannabis have contributed to a marked rise in its use among older adults. Unlike other
populations, the effects of cannabis in this population may be complicated by age-related factors,
especially for the changes in brain morphology and function found to be affected by cannabis use in
younger populations6,54. This study builds on prior work documenting substantial variability in the
relationship between cannabis use and the functioning brain55. Despite growing interest, empirical
investigations examining the impact of cannabis on the aging brain remain scarce and often yield
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inconsistent findings. To address this gap, in this study, we capitalized on advances in a fully automated
framework to achieve an individual-level estimation of whole brain FC in a purely data-driven manner and
comprehensively characterize how they are associated with cannabis use via a widely used LMM
approach36,45,56,57.

To date, the majority of human neuroimaging studies investigating the effects of cannabis on brain
function have focused on adolescents and young adults12,23. In contrast, research examining cannabis
use in older adults remains limited, and existing findings are marked by considerable variability and
inconsistency. For instance, a study examining adults aged 19 to 55 years reported that cannabis users
exhibited reduced FC between the amygdala and cuneus, as well as between the cingulum and occipital
and temporal cortices, with no significant group differences observed in hippocampal connectivity58. In
another investigation, cannabis users demonstrated increased FC within both the salience network and
the default mode network (DMN), alongside anticorrelated FC between these two networks59. However,
these findings diverge markedly from those of a study specifically targeting older adults (ages 60–88),
which reported increased FC between the cerebellum and hippocampus in cannabis users—suggesting a
potential neuroprotective effect in aging23. Such discrepancies across studies may stem, in part, from
limited sample sizes, which constrain statistical power and increase the risk of inflated or unreliable
brain-behavior associations. Given the need for larger, well-powered datasets to establish robust
neurobiological correlates of cannabis use, the UKB offers a valuable resource for systematically
investigating the effects of cannabis on the aging brain in a more reliable and generalizable manner.

The observed cannabis-related enhancement of FNC within cortical-subcortical-cerebellar circuits aligns
with anatomical evidence indicating high concentrations of cannabinoid receptors in these regions60,61.
The endocannabinoid system (ECS), a complex cell-signaling network, plays a critical role in regulating
numerous physiological processes62 and undergoes age-dependent changes that may modulate the
body's response to cannabinoids such as delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD)63,64.
The ECS is intricately involved in aging, with cannabinoid receptors regulating cellular mechanisms
underlying age-associated inflammation. Notably, older adults exhibit reductions in both cannabinoid
receptor density and endogenous endocannabinoid levels, which may contribute to the cognitive decline
commonly observed with aging65. Preclinical studies have demonstrated age-specific interactions
between cannabinoids and the ECS; for instance, administration of low-dose THC in aged animals would
improve spatial memory, enhance synaptic density, and reduce neuroinflammation—potentially through
reactivation of hypoactive cannabinoid receptor circuits66. THC-induced activation of microglia within
the receptors-expressed brain regions, along with subsequent neuroinflammatory responses, has been
implicated as a potential mechanism underlying impairments in classical conditioning observed in
animal models67. It is also believed that the activation of cannabinoid receptors restores FC in networks
particularly susceptible to age-related declines, such as the cerebellum-subcortical-cortical
pathways68,69. Consequently, our findings of increased FC in brain regions with high cannabinoid
receptor expression may reflect the modulatory influence of cannabinoids on ECS activity, potentially
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facilitating neural plasticity and inter-regional communication, thereby enhancing cognitive function and
mitigating neuroinflammation70,71.

Traditionally regarded as a structure primarily responsible for motor coordination, the cerebellum is now
increasingly recognized for its integral role in cognitive processing. Emerging evidence suggests that
cognitive aging is associated with widespread cerebellar dysrhythmias72,73, highlighting the cerebellum’s

susceptibility to age-related functional decline74–76. Cerebellar circuits are significantly implicated in
age-related changes in brain function77,78, reflecting the cerebellum’s extensive connectivity across the
whole brain through closed-loop networks that support integrative motor and cognitive functions79.
Resting-state studies have further demonstrated that genetically and epigenetically regulated networks
within the neocerebellum contribute to cognitive function in aging populations80,81. Consistent with
previous hypotheses and empirical data, the present findings suggest that alterations in cerebellar
connectivity may serve as a key neural substrate linking normative aging to cognitive decline. Aging is
commonly associated with structural deterioration within the cerebellum, including significant volumetric
reductions that may impair intra-cerebellar information processing and integration76,82. This impairment
is reflected in decreased cerebellar connectivity, which may underline observed deficits in cognitive
performance. Intriguingly, the present findings suggest that cannabis use may confer a protective effect
against such age-associated reductions in cerebellar connectivity. Specifically, cannabis use was
associated with increased FC within cerebellar circuits, particularly in regions previously implicated in
higher-order motor control and cognitive functioning in older adults. These findings raise the possibility
that cannabis may modulate cerebellar network integrity, potentially contributing to the preservation of
functional performance in aging populations.

Previous research has proposed that age-related cognitive decline may, in part, stem from alterations in
the structure of whole-brain FC83,84. Healthy aging may indirectly impact cognitive performance through
age-related modifications in FC patterns. In the current study, we observed that, except for the DMN,
most within-domain FNC exhibited a declining trend with age. This suggests a reduction in modular
organization across the brain and supports the theory that cognitive aging is characterized by decreased
network segregation85,86. Such segregation refers to the degree to which specific brain regions maintain
specialized functional roles, and its reduction is considered a hallmark of age-related functional
decline87. More importantly, our findings further reveal that cannabis use may exert opposing effects on
the FC structure compared to normative aging. Specifically, cannabis use in older adults was associated
with increased within-domain FC in subcortical, cerebellar, and sensorimotor networks, along with
decreased between-domain FC involving these same regions. This pattern indicates enhanced network
segregation, which may support more specialized processing within functional domains while preserving
selective inter-network communication—an organization thought to promote efficient cognitive
performance88. Interestingly, prior research has shown that chronic cannabis use in younger individuals
is associated with reduced network segregation, often manifesting as diminished cognitive control,
increased mind-wandering, and impaired task-switching89. Taken together with our findings, this
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suggests that cannabis may have age-dependent effects on brain functional organization, potentially due
to differences in neurodevelopment, metabolism, immune response, and neurodegenerative processes.
We speculate that cannabinoids and endocannabinoids may exert neuroprotective effects during aging
by preserving an optimal balance between functional segregation and integration—an essential feature
for maintaining specialized processing and efficient information transfer across brain networks. The
enhanced cognitive functioning observed in older cannabis users may be partially attributed to cannabis-
driven functional differentiation, as reflected in greater network specialization90.

The current study contributes to the emerging body of evidence suggesting that cannabis use may
confer neurocognitive benefits in older adults by modulating the organization of functional brain
networks. The observed effects imply that cannabinoids may exert neuroprotective influences in aging
populations, potentially through their regulatory roles in maintaining or enhancing functional brain
segregation and integration. These findings align with theories of neural differentiation and
compensatory adaptation, which suggest that age-related changes in brain function can be mitigated by
the recruitment or preservation of specialized network structures, partly supported by the
endocannabinoid system.

Limitations and Future Directions
The findings of this study should be considered in the context of several potential limitations. First, while
the large sample size derived from the UKB represents strength, the observed effect sizes in this study
were relatively modest (maximum |Cohen’s d| = 0.0990–0.4231) compared to those reported in smaller-
scale studies. We acknowledge that such small effect sizes may constrain the immediate clinical
applicability of the results. However, it is essential to note that this is consistent with a growing body of
evidence in neuroscience indicating that real brain-behavior associations are typically much smaller than
earlier literature suggested. Accurately identifying neuroimaging-based biomarkers thus requires large,
high-quality datasets with standardized processing pipelines, such as those employed in the present
analysis. The field of genomics provides a relevant precedent: its advancement following a
reproducibility crisis was aided by large-scale, rigorous data combined with methodological
improvements91. Looking ahead, future research could benefit from using targeted study designs—such
as subgroup stratification—and advanced analytical techniques, like multivariate or multimodal methods,
to enhance the interpretability and potential clinical value of small yet meaningful effects.

Second, the present study employed a cross-sectional design, which is inherently susceptible to cohort
and period effects92. This methodological constraint limits the ability to draw causal or longitudinal
inferences regarding changes in cognitive or neurobiological functioning over time. To address this
limitation, future investigations could incorporate longitudinal data encompassing multiple time points
of both cognitive and neuroimaging assessments. Such designs would enable the validation of cross-
sectional findings and support more robust modeling of individual trajectories of cognitive aging in older
adults93.
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Third, the current study focused exclusively on functional neuroimaging markers associated with
cannabis use and cognitive aging. However, prior research has also reported structural brain alterations
related to cannabis use in aging populations94–97. As with functional findings, these structural results are
heterogeneous, with studies documenting both increases and decreases in gray matter volume. This
variability underscores the need for well-powered, prospective investigations specifically designed to
examine the longitudinal effects of cannabis use on brain structure during normative aging. Given the
potential for structural and functional imaging to capture overlapping yet distinct aspects of cannabis-
related neural alterations, an integrated multimodal approach is warranted. Future studies should
leverage advanced data fusion methodologies in conjunction with mediation analysis to elucidate the
mechanistic pathways linking cannabis use to cognitive outcomes via multimodal brain changes.

Fourth, in contrast to findings from studies involving younger populations, the present results suggest an
opposite pattern of association between cannabis use and cognitive function in older adults, as
evidenced by positive correlations between cannabis use and cognition in terms of whole-brain FC.
However, a limitation of this study is the restricted age range of the UKB sample (participants aged > 45
years), which precludes a direct investigation of age-dependent effects or developmental trajectories.
Understanding whether and how cannabis use exerts differential effects across the lifespan requires
data encompassing a broader age spectrum. Large-scale longitudinal neuroimaging initiatives—such as
the Adolescent Brain Cognitive Development (ABCD) Study and the Human Connectome Project (HCP)—
provide critical resources for investigating both neurodevelopmental and neurodegenerative trajectories
in relation to cannabis exposure. Our research group has previously applied functional connectivity-
based analytic approaches to these developmental datasets, offering a strong methodological
foundation for future integrative analyses35,36,40,98. By integrating data from ABCD, HCP, and UKB, future
research can develop a comprehensive lifespan model to characterize the age-specific neural and
phenotypic consequences of cannabis use and explore potential causal mechanisms underlying these
effects.

Declarations
Data Availability

Data used in the preparation of this article were obtained from the UKB database
(https://ams.ukbiobank.ac.uk/) via the application ID 34175: Identify biomarkers for distinguishing
different mental disorders using brain images and their associations with genetic risk.

Acknowledgements

This work was supported by National Institutes of Health grants R01MH118695 and R01MH123610,
and National Science Foundation grants 2112455 and 2316421.

Author Contributions



Page 15/26

Zening Fu, Kent Hutchison, and Vince Calhoun designed the study; Zening Fu and Armin Iraji performed
the data analysis; Zening Fu, Armin Iraji, Jing Sui, and Vince Calhoun wrote the paper. All authors
contributed to the results interpretation and discussion.

Ethics Declarations

Conflict of Interest

The authors declare no competing interests.

Ethics Approval and Content to Participate

This research involved human data from the UK Biobank project, which has approval from the Northwest
Multi-center Research Ethics Committee (MREC) as a Research Tissue Bank (RTB) approval. Each
participating site received local approval, and a listing of participating sites can be found at
https://www.ukbiobank.ac.uk/. Informed consent was obtained from all participants under protocols
approved by the RTB.

Supplementary Information

Supplementary material is available.

References
1. Gowin, J. L. et al. Brain Function Outcomes of Recent and Lifetime Cannabis Use. JAMA Netw. open

8, e2457069 (2025).

2. Luc, M. H., Tsang, S. W., Thrul, J., Kennedy, R. D. & Moran, M. B. Content analysis of online product
descriptions from cannabis retailers in six US states. Int. J. Drug Policy 75, (2020).

3. Bobitt, J. et al. Qualitative Analysis of Cannabis Use Among Older Adults in Colorado. Drugs and
Aging 36, 655–666 (2019).

4. Pratt, M. et al. Benefits and harms of medical cannabis: A scoping review of systematic reviews.
Syst. Rev. 8, (2019).

5. Nannini, D. R. et al. Marijuana use and DNA methylation-based biological age in young adults. Clin.
Epigenetics 14, (2022).

6. Pocuca, N. et al. The Effects of Cannabis Use on Cognitive Function in Healthy Aging: A Systematic
Scoping Review. Arch. Clin. Neuropsychol. 36, 673–685 (2021).

7. Ahamed, A., Kullmann, K. C., Frasso, R. & Goldstein, J. N. Analysis of Unregulated Sale of Lifesaving
Prescription Drugs Online in the United States. JAMA Intern. Med. 180, 607–609 (2020).

8. Rotermann, M. What has changed since cannabis was legalized? Heal. Reports 31, 11–20 (2020).

9. Allick, A. et al. Age- and Sex-Related Cortical Gray Matter Volume Differences in Adolescent
Cannabis Users: A Systematic Review and Meta-Analysis of Voxel-Based Morphometry Studies.



Page 16/26

Front. Psychiatry 12, (2021).

10. Koenders, L. et al. Grey matter changes associated with heavy cannabis use: A longitudinal sMRI
study. PLoS One 11, (2016).

11. Jakabek, D., Yücel, M., Lorenzetti, V. & Solowij, N. An MRI study of white matter tract integrity in
regular cannabis users: effects of cannabis use and age. Psychopharmacology (Berl). 233, 3627–
3637 (2016).

12. Thomson, H. et al. Is resting-state functional connectivity altered in regular cannabis users? A
systematic review of the literature. Psychopharmacology (Berl). 239, 1191–1209 (2022).

13. Harding, I. H. et al. Functional connectivity in brain networks underlying cognitive control in chronic
cannabis users. Neuropsychopharmacology 37, 1923–1933 (2012).

14. Orr, C. et al. Grey matter volume differences associated with extremely low levels of cannabis use in
adolescence. J. Neurosci. 39, 1817–1827 (2019).

15. Jiang, R. et al. A Neuroimaging Signature of Cognitive Aging from Whole-Brain Functional
Connectivity. Adv. Sci. 9, (2022).

16. Moore, D., Jung, M., Hillman, C. H., Kang, M. & Loprinzi, P. D. Interrelationships between exercise,
functional connectivity, and cognition among healthy adults: A systematic review. Psychophysiology
59, (2022).

17. Stumme, J. et al. Interrelating differences in structural and functional connectivity in the older adult’s
brain. Hum. Brain Mapp. 43, 5543–5561 (2022).

18. Blest-Hopley, G., Giampietro, V. & Bhattacharyya, S. Residual effects of cannabis use in adolescent
and adult brains — A meta-analysis of fMRI studies. Neurosci. Biobehav. Rev. 88, 26–41 (2018).

19. Hindocha, C. et al. Emotional processing deficits in chronic cannabis use: A replication and
extension. J. Psychopharmacol. 28, 466–471 (2014).

20. Lundqvist, T. Cognitive consequences of cannabis use: Comparison with abuse of stimulants and
heroin with regard to attention, memory and executive functions. Pharmacol. Biochem. Behav. 81,
319–330 (2005).

21. Oomen, P. P., Van Hell, H. H. & Bossong, M. G. The acute effects of cannabis on human executive
function. Behav. Pharmacol. 29, 605–616 (2018).

22. Figueiredo, P. R., Tolomeo, S., Steele, J. D. & Baldacchino, A. Neurocognitive consequences of
chronic cannabis use: a systematic review and meta-analysis. Neurosci. Biobehav. Rev. 108, 358–
369 (2020).

23. Córdova, C. & Nóbrega, O. T. Commentary: Cannabis use and resting state functional connectivity in
the aging brain. Front. Aging Neurosci. 15, (2023).

24. Blanco-Hinojo, L. et al. Attenuated frontal and sensory inputs to the basal ganglia in cannabis users.
Addict. Biol. 22, 1036–1047 (2017).

25. Camchong, J., Lim, K. O. & Kumra, S. Adverse effects of cannabis on adolescent brain development:
A longitudinal study. Cereb. Cortex 27, 1922–1930 (2017).



Page 17/26

26. Orr, C. et al. Altered resting-state connectivity in adolescent cannabis users. Taylor Fr. Orr, R Morioka,
B Behan, S Datwani, M Doucet, J Ivanovic, C Kelly, K Weierstall, R WattsThe Am. J. drug alcohol
Abus. 2013•Taylor Fr. 39, 372–381 (2013).

27. Lopez-Larson, M. P., Rogowska, J. & Yurgelun-Todd, D. Aberrant orbitofrontal connectivity in
marijuana smoking adolescents. Dev. Cogn. Neurosci. 16, 54–62 (2015).

28. Wieghorst, A., Roessler, K. K., Hendricks, O. & Andersen, T. E. The effect of medical cannabis on
cognitive functions: a systematic review. Syst. Rev. 11, (2022).

29. Marek, S. et al. Reproducible brain-wide association studies require thousands of individuals. Nature
603, 654–660 (2022).

30. Zonneveld, H. I. et al. Patterns of functional connectivity in an aging population: The Rotterdam
Study. Neuroimage 189, 432–444 (2019).

31. Nielsen, A. N. et al. Evaluating the Prediction of Brain Maturity from Functional Connectivity after
Motion Artifact Denoising. Cereb. Cortex 29, 2455–2469 (2019).

32. Fu, Z. et al. Searching Reproducible Brain Features using NeuroMark: Templates for Different Age
Populations and Imaging Modalities. Neuroimage 292, 120617 (2024).

33. Du, Y. et al. NeuroMark: an automated and adaptive ICA based pipeline to identify reproducible fMRI
markers of brain disorders. NeuroImage Clin. 102375 (2020).
doi:https://doi.org/10.1016/j.nicl.2020.102375

34. Fu, Z. et al. Dynamic state with covarying brain activity-connectivity: On the pathophysiology of
schizophrenia. Neuroimage 224, (2021).

35. Fu, Z., Sui, J., Iraji, A., Liu, J. & Calhoun, V. D. Cognitive and psychiatric relevance of dynamic
functional connectivity states in a large (N > 10,000) children population. Mol. Psychiatry 30, 402–
413 (2024).

36. Fu, Z., Liu, J., Salman, M. S., Sui, J. & Calhoun, V. D. Functional connectivity uniqueness and
variability? Linkages with cognitive and psychiatric problems in children. Nat. Ment. Heal. 1, 956–
970 (2023).

37. Fu, Z. et al. Dynamic functional network reconfiguration underlying the pathophysiology of
schizophrenia and autism spectrum disorder. Hum. Brain Mapp. 42, 80–94 (2021).

38. Fu, Z. et al. Dynamic functional network connectivity associated with post-traumatic stress
symptoms in COVID-19 survivors. Neurobiol. Stress 15, (2021).

39. Fawns-Ritchie, C. & Deary, I. J. Reliability and validity of the UK Biobank cognitive tests. PLoS One
15, (2020).

40. Zhi, D. et al. Triple interactions between the environment, brain, and behavior in children: An ABCD
study. Biol. Psychiatry (2023). doi:10.1016/j.biopsych.2023.12.019

41. Feng, A. et al. Functional imaging derived ADHD biotypes based on deep clustering: a study on
personalized medication therapy guidance. eClinicalMedicine 77, (2024).



Page 18/26

42. Yan, W. et al. A Brainwide Risk Score for Psychiatric Disorder Evaluated in a Large Adolescent
Population Reveals Increased Divergence Among Higher-Risk Groups Relative to Control
Participants. Biol. Psychiatry (2023). doi:10.1016/j.biopsych.2023.09.017

43. Levey, A. I. et al. A phase II study repurposing atomoxetine for neuroprotection in mild cognitive
impairment. Brain 145, 1924–1938 (2022).

44. Vaidya, N. et al. Neurocognitive Analysis of Low-level Arsenic Exposure and Executive Function
Mediated by Brain Anomalies Among Children, Adolescents, and Young Adults in India. JAMA Netw.
Open 6, e2312810–e2312810 (2023).

45. Cheng, W. et al. Sleep duration, brain structure, and psychiatric and cognitive problems in children.
Mol. Psychiatry 26, 3992–4003 (2021).

46. Dick, A. S. et al. No evidence for a bilingual executive function advantage in the nationally
representative ABCD study. Nat. Hum. Behav. 3, 692–701 (2019).

47. Loh, P. R., Kichaev, G., Gazal, S., Schoech, A. P. & Price, A. L. Mixed-model association for biobank-
scale datasets. Nat. Genet. 50, 906–908 (2018).

48. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful
Approach to Multiple Testing. J. R. Stat. Soc. Ser. B 57, 289–300 (1995).

49. Greene, A. S., Gao, S., Scheinost, D. & Constable, R. T. Task-induced brain state manipulation
improves prediction of individual traits. Nat. Commun. 9, (2018).

50. Allen, E. A. et al. Tracking whole-brain connectivity dynamics in the resting state. Cereb. Cortex 24,
663–676 (2014).

51. Fukushima, M. et al. Structure–function relationships during segregated and integrated network
states of human brain functional connectivity. Brain Struct. Funct. 223, 1091–1106 (2018).

52. Cohen, K., Weizman, A. & Weinstein, A. Positive and Negative Effects of Cannabis and Cannabinoids
on Health. Clin. Pharmacol. Ther. 105, 1139–1147 (2019).

53. Looby, A. & Earleywine, M. Negative consequences associated with dependence in daily cannabis
users. Subst. Abus. Treat. Prev. Policy 2, (2007).

54. Batalla, A. et al. Structural and Functional Imaging Studies in Chronic Cannabis Users: A Systematic
Review of Adolescent and Adult Findings. PLoS One 8, (2013).

55. Yoo, H. Bin, DiMuzio, J. & Filbey, F. M. Interaction of Cannabis Use and Aging: From Molecule to
Mind. J. Dual Diagn. 16, 140–176 (2020).

56. Feng, J., Cheng, W., Rolls, E. T. & Ruan, H. Functional Connectivities in the Brain That Mediate the
Association between Depressive Problems and Sleep Quality. JAMA Psychiatry 75, 1052–1061
(2018).

57. Gong, W., Rolls, E. T., Du, J., Feng, J. & Cheng, W. Brain structure is linked to the association between
family environment and behavioral problems in children in the ABCD study. Nat. Commun. 12,
(2021).



Page 19/26

58. Aloi, J. et al. Altered amygdala-cortical connectivity in individuals with Cannabis use disorder. J.
Psychopharmacol. 35, 1365–1374 (2021).

59. Vergara, V. M., Weiland, B. J., Hutchison, K. E. & Calhoun, V. D. The Impact of Combinations of
Alcohol, Nicotine, and Cannabis on Dynamic Brain Connectivity. Neuropsychopharmacology 43,
877–890 (2018).

60. Herkenham, M. et al. Cannabinoid receptor localization in brain. Proc. Natl. Acad. Sci. U. S. A. 87,
1932–1936 (1990).

61. Kawamura, Y. et al. The CB1 cannabinoid receptor is the major cannabinoid receptor at excitatory
presynaptic sites in the hippocampus and cerebellum. J. Neurosci. 26, 2991–3001 (2006).

62. Mechoulam, R. & Parker, L. A. The endocannabinoid system and the brain. Annu. Rev. Psychol. 64,
21–47 (2013).

63. Crocq, M. A. History of cannabis and the endocannabinoid system. Dialogues Clin. Neurosci. 22,
223–228 (2020).

64. Haney, M. Cannabis Use and the Endocannabinoid System: A Clinical Perspective. Am. J. Psychiatry
179, 21–25 (2022).

65. Di Marzo, V., Stella, N. & Zimmer, A. Endocannabinoid signalling and the deteriorating brain. Nat. Rev.
Neurosci. 16, 30–42 (2015).

66. Marchalant, Y., Cerbai, F., Brothers, H. M. & Wenk, G. L. Cannabinoid receptor stimulation is anti-
inflammatory and improves memory in old rats. Neurobiol. Aging 29, 1894–1901 (2008).

67. Cutando, L. et al. Microglial activation underlies cerebellar deficits produced by repeated cannabis
exposure. J. Clin. Invest. 123, 2816–2831 (2013).

68. Roche, M. & Finn, D. P. Brain CB2 receptors: Implications for neuropsychiatric disorders.
Pharmaceuticals 3, 2517–2533 (2010).

69. Jhaveri, M. D. et al. Evidence for a novel functional role of cannabinoid CB2 receptors in the
thalamus of neuropathic rats. Eur. J. Neurosci. 27, 1722–1730 (2008).

70. McKenna, M. & McDougall, J. J. Cannabinoid control of neurogenic inflammation. Br. J. Pharmacol.
177, 4386–4399 (2020).

71. Rom, S. & Persidsky, Y. Cannabinoid receptor 2: Potential role in immunomodulation and
neuroinflammation. J. Neuroimmune Pharmacol. 8, 608–620 (2013).

72. Andersen, B. B., Gundersen, H. J. G. & Pakkenberg, B. Aging of the Human Cerebellum: A
Stereological Study. J. Comp. Neurol. 466, 356–365 (2003).

73. Bernard, J. A. & Seidler, R. D. Moving forward: Age effects on the cerebellum underlie cognitive and
motor declines. Neurosci. Biobehav. Rev. 42, 193–207 (2014).

74. Schutter, D. J. L. G. & van Honk, J. An electrophysiological link between the cerebellum, cognition
and emotion: Frontal theta EEG activity to single-pulse cerebellar TMS. Neuroimage 33, 1227–1231
(2006).

75. Schmahmann, J. D. & Caplan, D. Cognition, emotion and the cerebellum. Brain 129, 290–292 (2006).



Page 20/26

76. Schmahmann, J. D. Disorders of the cerebellum: Ataxia, dysmetria of thought, and the cerebellar
cognitive affective syndrome. J. Neuropsychiatry Clin. Neurosci. 16, 367–378 (2004).

77. Klostermann, E. C., Braskie, M. N., Landau, S. M., O’Neil, J. P. & Jagust, W. J. Dopamine and
frontostriatal networks in cognitive aging. Neurobiol. Aging 33, 623.e15-623.e24 (2012).

78. Arleo, A. et al. Consensus Paper: Cerebellum and Ageing. Cerebellum 23, 802–832 (2024).

79. Clark, S. V., Semmel, E. S., Aleksonis, H. A., Steinberg, S. N. & King, T. Z. Cerebellar-Subcortical-
Cortical Systems as Modulators of Cognitive Functions. Neuropsychol. Rev. 31, 422–446 (2021).

80. Habas, C. Functional Connectivity of the Cognitive Cerebellum. Front. Syst. Neurosci. 15, (2021).

81. Bernard, J. A. Don’t forget the little brain: A framework for incorporating the cerebellum into the
understanding of cognitive aging. Neurosci. Biobehav. Rev. 137, (2022).

82. Jernigan, T. L. et al. Effects of age on tissues and regions of the cerebrum and cerebellum.
Neurobiol. Aging 22, 581–594 (2001).

83. Madden, D. J. et al. Sources of disconnection in neurocognitive aging: cerebral white-matter
integrity, resting-state functional connectivity, and white-matter hyperintensity volume. Neurobiol.
Aging 54, 199–213 (2017).

84. Stumme, J., Jockwitz, C., Hoffstaedter, F., Amunts, K. & Caspers, S. Functional network
reorganization in older adults: Graph-theoretical analyses of age, cognition and sex. Neuroimage
214, (2020).

85. Chan, M. Y., Park, D. C., Savalia, N. K., Petersen, S. E. & Wig, G. S. Decreased segregation of brain
systems across the healthy adult lifespan. Proc. Natl. Acad. Sci. U. S. A. 111, E4997–E5006 (2014).

86. Schulz, M., Petersen, M., Cheng, B. & Thomalla, G. Association of structural connectivity with
functional brain network segregation in a middle-aged to elderly population. Front. Aging Neurosci.
16, (2024).

87. Burke, S. N. & Barnes, C. A. Neural plasticity in the ageing brain. Nat. Rev. Neurosci. 7, 30–40 (2006).

88. Sporns, O. Network attributes for segregation and integration in the human brain. Curr. Opin.
Neurobiol. 23, 162–171 (2013).

89. Manza, P., Shokri-Kojori, E. & Volkow, N. D. Reduced Segregation between Cognitive and Emotional
Processes in Cannabis Dependence. Cereb. Cortex 30, 628–639 (2020).

90. Salthouse, T. A. When does age-related cognitive decline begin? Neurobiol. Aging 30, 507–514
(2009).

91. Visscher, P. M. et al. 10 Years of GWAS Discovery: Biology, Function, and Translation. Am. J. Hum.
Genet. 101, 5–22 (2017).

92. Satterthwaite, T. D. et al. Functional maturation of the executive system during adolescence. J.
Neurosci. 33, 16249–16261 (2013).

93. Plitta, M., Barnes, K. A., Wallace, G. L., Kenworthy, L. & Martin, A. Resting-state functional
connectivity predicts longitudinal change in autistic traits and adaptive functioning in autism. Proc.
Natl. Acad. Sci. U. S. A. 112, E6699–E6706 (2015).



Page 21/26

94. Thayer, R. E., YorkWilliams, S. L., Hutchison, K. E. & Bryan, A. D. Preliminary results from a pilot study
examining brain structure in older adult cannabis users and nonusers. Psychiatry Res. -
Neuroimaging 285, 58–63 (2019).

95. Thayer, R. E. Marijuana use in an aging population: Global brain structure and cognitive function.
(2019).

96. Auer, R. et al. Association between lifetime marijuana use and cognitive function in middle age the
coronary artery risk development in young adults (CARDIA) study. JAMA Intern. Med. 176, 352–361
(2016).

97. Burggren, A. C. et al. Subregional Hippocampal Thickness Abnormalities in Older Adults with a
History of Heavy Cannabis Use. Cannabis cannabinoid Res. 3, 242–251 (2018).

98. Yan, W. et al. A Brainwide Risk Score for Psychiatric Disorder Evaluated in a Large Adolescent
Population Reveals Increased Divergence Among Higher-Risk Groups Relative to Control
Participants. Biol. Psychiatry 95, 699–708 (2024).

Table 1
Table I. Demographics of subjects passed QC

Basic Demographics Cannabis users Non-users

Total subject 5488 18482

Age (year) 60.93 ± 7.02 64.24 ± 7.44 *

Sex (F/M) 2703/2785 10699/7813 *

Cannabis Usage (light users/heavy users) 3839/1649 NAN

Mean FD (mm) 0.1760 ± 0.0591 0.1822 ± 0.0601 *

Tower rearranging (sub) 0.77 ± 0.16 (3659) 0.73 ± 0.18 (11586) *

Matrix pattern completion (sub) 0.63 ± 0.18 (3670) 0.59 ± 0.17 (11167) *

Paired associate learning (sub) 7.62 ± 2.38 (3693) 6.99 ± 2.59 (11779) *

Fluid intelligence (sub) 7.01 ± 1.37 (3788) 6.70 ± 1.46 (12123) *

Picture vocabulary (sub) 7.22 ± 2.00 (5204) 6.71 ± 2.03 (17146) *

Numeric memory (sub) 0.42 ± 0.08 (3676) 0.40 ± 0.08 (11656) *

F = Female; M = Male; FD = Framewise Displacement; mm = Millimeter; sub = Subject Number; *
indicates significant difference between groups (p < 0.0001).
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Figure 1

NeuroMark FNC and the FNC changes associated with cannabis use in older adults. A) Averaged FNC
patterns across UKB subjects extracted by the NeuroMark framework. 53 ICNs are ordered into 7
functional domains for the presentation. B) Significant t values from the LMM analysis of the FNC
changes associated with cannabis use (p < 0.05, FDR corrected). Warm color indicates larger FNC in
cannabis users, while cool color indicates smaller FNC in cannabis users. C)Circular plots show the
FNCs that are significantly larger and smaller in the cannabis group, respectively. D) Distributions of t
values averaged at the domain level. For each pair of domains (within-domain and between-domain), we
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averaged the t values of all FNCs belonging to that domain pair. E) The cell plots show the domain-level
representation of t values with positive and negative weights, respectively. Positive and negative values
were summarized separately for each domain pair to demonstrate their relative contribution.

Figure 2

Trajectory of FNC associated with cannabis usage and during normal aging. FNCs with significant
alterations in the cannabis users were divided into 4 groups according to their signs and changing
directions. Subjects were divided into subgroups according to their cannabis usage (non-users: 0 time;
light users: 1–10 times; heavy users: 11+ times) and age (45–55 years; 56–65 years; 66+ years). A) The
overall FNC was summarized across 125 positive FNCs, which were lower in the cannabis group. B) The
overall FNC was summarized across 195 negative FNCs, which were lower in the cannabis group. C) The
overall FNC was summarized across 138 positive FNCs, which were higher in the cannabis group. D) The
overall FNC was summarized across 183 negative FNCs, which were higher in the cannabis group.
Cannabis use appears to have a generally opposite effect on FNCs compared to normal aging.



Page 24/26

Figure 3

Overlapping FNC changes associated with cannabis use and normal aging. A) The left matrix shows the
t values with significant FNC changes associated with cannabis use, while the right matrix shows the t
values with significant FNC changes associated with normal aging. B) The cell plots show the domain-
level representation of t values associated with cannabis use and normal aging. C) The scatter plot is the
representation of the correlation between t values associated with cannabis use and normal aging. A
significantly negative correlation is identified between t statistics of cannabis use and the t statistics of
normal aging at the FNC level (r = -0.3384, p = 2.84 × 10-38, n = 1378). D) T values from each model were
summarized for domain pair. A significantly negative correlation is identified between t statistics at the
domain level (r = -0.6851, p = 5.77 × 10-5, n = 28).
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Figure 4

Cannabis use is associated with differences in cognitive functioning during normal aging. Cognitive
performance in 6 functional domains, including A) Tower rearranging task, B) Matrix pattern completion
task, C) Paired associate learning task, D) Numeric memory task, E) Fluid intelligence task, and F) Picture
vocabulary task are examined and displayed. The upper panel of each subplot shows an overall
decreasing trend in cognitive performance, except for the picture vocabulary task. The bar plots in the
lower panel reveal a positive effect introduced by cannabis use on cognitive function, where cannabis
users show generalized better cognitive performance in different age populations.
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Figure 5

Overlap of correlation models between cannabis use and cognitive function during normal aging. A) To
evaluate the extent to which their FNC correlates were similar to or distinct from each other, we
calculated the Pearson’s correlation between t values from the LMM for cannabis use and the t values
for each of the cognitive tasks at the FNC level. All correlations are significant at p < 10-5. B) The scatter
plots show three examples of the positive correlation between cannabis use model and cognition model.
The first column is the representation of the correlation at the FNC level (n = 1378), and the second
column is the representation of the correlation at the domain level (n = 28).
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