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Abstract

IMPORTANCE Cannabis use has increased globally, but its effects on brain function are not fully
known, highlighting the need to better determine recent and long-term brain activation outcomes of
cannabis use.

OBJECTIVE To examine the association of lifetime history of heavy cannabis use and recent
cannabis use with brain activation across a range of brain functions in a large sample of young adults
in the US.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study used data (2017 release) from
the Human Connectome Project (collected between August 2012 and 2015). Young adults (aged
22-36 years) with magnetic resonance imaging (MRI), urine toxicology, and cannabis use data were
included in the analysis. Data were analyzed from January 31 to July 30, 2024.

EXPOSURES History of heavy cannabis use was assessed using the Semi-Structured Assessment for
the Genetics of Alcoholism, with variables for lifetime history and diagnosis of cannabis dependence.
Individuals were grouped as heavy lifetime cannabis users if they had greater than 1000 uses, as
moderate users if they had 10 to 999 uses, and as nonusers if they had fewer than 10 uses.
Participants provided urine samples on the day of scanning to assess recent use. Diagnosis of
cannabis dependence (per Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
criteria) was also included.

MAIN OUTCOMES AND MEASURES Brain activation was assessed during each of the 7 tasks
administered during the functional MRI session (working memory, reward, emotion, language,
motor, relational assessment, and theory of mind). Mean activation from regions associated with the
primary contrast for each task was used. The primary analysis was a linear mixed-effects regression
model (one model per task) examining the association of lifetime cannabis and recent cannabis use
on the mean brain activation value.

RESULTS The sample comprised 1003 adults (mean [SD] age, 28.7 [3.7] years; 470 men [46.9%]
and 533 women [53.1%]). A total of 63 participants were Asian (6.3%), 137 were Black (13.7%), and
762 were White (76.0%). For lifetime history criteria, 88 participants (8.8%) were classified as heavy
cannabis users, 179 (17.8%) as moderate users, and 736 (73.4%) as nonusers. Heavy lifetime use
(Cohen d = −0.28 [95% CI, −0.50 to −0.06]; false discovery rate corrected P = .02) was associated
with lower activation on the working memory task. Regions associated with a history of heavy use
included the anterior insula, medial prefrontal cortex, and dorsolateral prefrontal cortex. Recent
cannabis use was associated with poorer performance and lower brain activation in the working
memory and motor tasks, but the associations between recent use and brain activation did not
survive false discovery rate correction. No other tasks were associated with lifetime history of heavy
use, recent use, or dependence diagnosis.

(continued)

Key Points
Question Are recent cannabis use and

lifetime cannabis use associated with

differences in brain function during

cognitive tasks?

Findings In this cross-sectional study of

1003 young adults, heavy lifetime

cannabis use was associated with lower

brain activation during a working

memory task; this association remained

after removing individuals with recent

cannabis use. These results were not

explained by differences in demographic

variables, age at first cannabis use,

alcohol use, or nicotine use.

Meaning These findings suggest that

cannabis use is associated with short-

and long-term brain function outcomes,

especially during working

memory tasks.
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have sufficient data on ethnicity to analyze. Additional substance use variables were assessed with
the SSAGA, including alcohol dependence diagnosis, and the Fagerström Test for Nicotine
Dependence.36 To generate a single metric each for (1) alcohol use and (2) nicotine use that
accounted for quantity and frequency, we created z score metrics as described previously.19 Episodic
verbal memory was assessed with Form A of the Penn Word Memory Test.37 For crystallized
intelligence, participants completed the National Institutes of Health Toolbox Picture Vocabulary
Test,38 which assesses vocabulary knowledge and is associated with scholastic success39 and the “g”
factor of intelligence.40

Brain Imaging Tasks
Seven tasks were used in this study, aiming to cover a broad range of behavioral processes.41 Tasks
were chosen based on reliability of neural response and a well-characterized neurocognitive basis.
The tasks examined neural response related to emotion, reward, motor function, working memory,
language, relational or logical reasoning, and theory of mind or social information processing (task
details are provided in the eMethods in Supplement 1). Neural response to the tasks has previously
discriminated substance use history.42 For each task, we used the primary contrast, and we extracted
activation levels from regions positively activated during the task (ie, regions engaged by the task,
not regions that were deactivated by the task, such as nodes in the default mode network). Positive
activation was defined as having significant activation (2-tailed P < .001), with most effect sizes
(Cohen d) greater than 1.00 for the contrast (the task positive condition minus the control
condition).43 We used the mean value of the activation levels across the listed regions for each task,
so each participant had a single value representing the activation level for each task; the regions used
are depicted in Figure 1. We chose to use a single value because (1) it reduced the number of
outcomes for analysis, (2) it provided a more clinically interpretable metric, and (3) the activation
levels across regions during a given task were not independent.44

Imaging Acquisition and Processing
The HCP investigators used a 3T Connectome Skyra scanner (Siemens) to acquire imaging data. For
parameters, see the data acquisition plan published previously.45 Preprocessing was conducted as
part of the HCP minimally preprocessed dataset with the FMRIB Software Library (Oxford
University).46

Figure 1. Brain Regions Analyzed for Each Task

Task

Working memory

Relational or logical reasoning

Motor function

Reward

Theory of mind

Emotion

Language

For each task, we identified the brain regions associated with the primary contrast and
used the mean value from all regions associated with that task. This approach was used
to simplify the analysis by having a single outcome for each task rather than multiple
outcomes, and because the activation levels during the primary contrast were not
independent outcomes and were moderately to highly correlated (eg, r = 0.5). This
approach also allows for an interpretable primary finding that can be investigated

through post hoc analysis to identify regions associated with cannabis use. It also accords
with theories of brain organization that account for function, architectonics,
connectivity, and topography and produce models of brain function that better explain
activity patterns. The anterior insula and dorsomedial prefrontal cortex are depicted in
red for the working memory task, but the same parcels were also included as part of the
relational task model.
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Supplement 1). The association between lifetime history of use and theory of mind task activation did
not survive correction for multiple comparisons. A summary of effect sizes for brain activation among
lifetime heavy users vs nonusers is illustrated in Figure 2; the largest effect size (Cohen d = −0.28
[95% CI, −0.50 to −0.06]; false discovery rate corrected P = .02) was observed for the working
memory task. Central tendency by group is reported for each task in eTable 8 in Supplement 1.

The comparison of individuals with positive vs negative THC test results revealed lower brain
activation in recent cannabis users for the working memory and the theory of mind tasks. However,
in the full model, the associations for the theory of mind task no longer remained after adjusting for
race and education, because both of these variables were associated with a positive THC test result
and also with task activation (eTables 10 and 11 in Supplement 1). After adjusting for associations with
lifetime use, the working memory and motor tasks showed associations between recent cannabis
use and activation levels but these did not survive false discovery rate correction. A summary of
effect sizes for brain activation and positive vs negative urine samples is illustrated in Figure 3, and
central tendency by group is reported in eTable 9 in Supplement 1. No task showed an association
with diagnosis of cannabis dependence (eFigure 1 and eTable 12 in Supplement 1).

Post Hoc and Sensitivity Analyses
For the working memory task, the models for the anterior insula, medial PFC, and dorsolateral PFC
showed associations with lifetime history of cannabis use (all t < −2.0; all P < .02), as shown in
Figure 4 (full models are displayed in eTables 13-16 in Supplement 1). However, the model for the
superior parietal lobule (t = −1.6; P = .10) did not.

When removing all individuals with a positive urine screen for THC, 38 individuals remained who
had a lifetime history of heavy cannabis use, and the association with lifetime history of heavy use
remained for working memory task brain activation (β = −3.66 [95% CI, −7.35 to 0.02]; P = .05). The
analysis of no unmeasured confounders indicated that a variable could have 3 times the magnitude

Figure 2. Lifetime History of Cannabis Use and Mean Activation During Each of the 7 Tasks

–0.6 0 0.6–0.2 0.40.2
Brain activation in lifetime heavy

cannabis users, Cohen d

–0.4

Favors lower
activation

Favors higher
activationTask Cohen d (95% CI)

Emotion –0.08 (–0.30 to 0.14)
Language –0.21 (–0.43 to 0.01)
Motor function 0.03 (–0.19 to 0.25)
Relational or logical reasoning –0.03 (–0.25 to 0.19)
Reward 0.19 (–0.03 to 0.41)
Theory of mind –0.11 (–0.33 to 0.11)
Working memory –0.28 (–0.50 to –0.06)

Effect sizes (Cohen d) were estimated by comparing
lifetime heavy users (n = 88) to nonusers (n = 736).
The effect size of lifetime history was statistically
significant for the working memory task in the full
model that adjusted for recent use and covariates
(P = .02). The effect size for the theory of mind task
showed P = .04 in the model but did not survive
correction for multiple comparisons.

Figure 3. Recent Cannabis Use and Mean Activation During Each of the 7 Tasks

–0.8 –0.2 0.4–0.4 0.20
Brain activation in recent cannabis

users, Cohen d

–0.6

Favors lower
activation

Favors higher
activationTask Cohen d (95% CI)

Emotion –0.19 (–0.39 to 0.01)
Language –0.13 (–0.33 to 0.07)
Motor function –0.10 (–0.30 to 0.11)
Relational or logical reasoning –0.17 (–0.37 to 0.03)
Reward –0.06 (–0.26 to 0.14)
Theory of mind –0.27 (–0.47 to –0.07)
Working memory –0.45 (–0.65 to –0.25)

The effect size was estimated by comparing individuals
with a positive (n = 106) vs negative (n = 899) urine
drug screen. Despite the moderate effect sizes
observed for the theory of mind task and the working
memory task, these effect sizes did not remain
statistically significant when adjusting for race and
education and when correcting for multiple
comparisons.
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of association with history of use and brain activation, relative to recent use, and still not reduce the
estimate of the primary association to 0, which seems unlikely.

For behavioral performance, recent cannabis use was associated with poorer performance on the
working memory task, the episodic verbal memory task, and the theory of mind task (eTables 17-19 in
Supplement 1). Lifetime history of heavy use was not associated with performance on these tasks.

Brain activation levels during the relational, theory of mind, and working memory tasks were
correlated with crystallized intelligence, education, and scores on the verbal episodic memory task
(ρ > 0.13; P < .001) (eFigure 4 in Supplement 1). There was no sex-by-THC interaction for working
memory but there was for the motor task (t = −3.3; P = .001), such that women showed no
association with THC (t = 1.88; P = .24) but men showed lower activation levels if they had a positive
THC result (t = 3.17; P = .01) (eFigure 5 in Supplement 1).

Discussion

In this study, we characterized the association of recent cannabis use and heavy lifetime cannabis use
with brain activation across 7 tasks. Heavy lifetime cannabis use was associated with lower brain
activation only during the working memory task, and this association remained after excluding
individuals with recent use. Brain activation levels during the working memory task were associated
with verbal episodic memory performance, intelligence, and education, suggesting that they are
meaningful indicators of cognitive function. Although recent cannabis use was associated with lower
brain activation during the working memory and motor tasks, the association did not remain after
false discovery rate correction. We observed an absence of an association of a dependence diagnosis
with brain function, suggesting that factors associated with diagnosis, such as social and legal
consequences, may be unrelated to brain function outcomes attributable to cannabis use. Thus, the
diagnoses of dependence may be less relevant than recent or cumulative exposure to
pharmacologically active components of cannabis (eg, THC).

In this study, lower brain activation during the working memory task in heavy cannabis users
was most pronounced in the dorsolateral PFC, dorsomedial PFC, and anterior insula. These are
regions that have a relatively high density of CB1 receptors and where receptor availability was found
to be reduced in association with daily cannabis exposure.47 Similarly, rodent studies showed that
THC exposure reduced the density and sensitivity of CB1 receptors in these brain regions,48 providing
evidence that heavy cannabis use can cause neural adaption. Because THC can reduce CB1 density,
this could provide a mechanism to explain findings that cannabis use is associated with lower cortical
thickness in the dorsomedial PFC and dorsolateral PFC.16 The impact of these putative effects was

Figure 4. Lifetime History of Cannabis Use and Activation During the Working Memory Task

50

40

30

20

10

0

Ac
tiv

at
io

n,
 c

on
tr

as
t v

al
ue

Region
Anterior insula dlPFC dmPFC Parietal lobule

Working memory task (2-back − 0-back)BRegion and effect sizeA

Moderate user

Lifetime history of cannabis use

NonuserHeavy user

P <.01

P <.05

P <.01

Cohen d

0 0.4

A, Brain images depicting regions and effect size. Each
of the 4 regions comprised in the working memory
task summary was examined separately as a post hoc
analysis to determine which regions were associated
with cannabis history. The brain image depicts the
effect size of the comparison between heavy and
nonusers for each of the 4 regions. B, Bar graph of the
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