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Abstract

The endocannabinoid system serves a critical role in homeostatic regulation through its influence on processes underlying
appetite, pain, reward, and stress, and cannabis has long been used for the related modulatory effects it provides through
tetrahydrocannabinol (THC). We investigated how THC exposure relates to tissue microstructure of the cerebral cortex and
subcortical nuclei using computational modeling of diffusion magnetic resonance imaging data in a large cohort of young
adults from the Human Connectome Project. We report strong associations between biospecimen-defined THC exposure
and microstructure parameters in discrete gray matter brain areas, including frontoinsular cortex, ventromedial prefrontal
cortex, and the lateral amygdala subfields, with independent effects in behavioral measures of memory performance,
negative intrusive thinking, and paternal substance abuse. These results shed new light on the relationship between THC
exposure and microstructure variation in brain areas related to salience processing, emotion regulation, and decision
making. The absence of effects in some other cannabinoid-receptor-rich brain areas prompts the consideration of cellular
and molecular mechanisms that we discuss. Further studies are needed to characterize the nature of these effects across

the lifespan and to investigate the mechanistic neurobiological factors connecting THC exposure and microstructural

parameters.
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Introduction

The endocannabinoid system is known to serve a critical home-
ostatic role in the central nervous system (Volkow et al., 2017;
Silvestri and Di Marzo, 2013), in which it modulates appetite,
pain, stress, and reward processing (Tarragon and Moreno, 2017;
Freund et al., 2003; Mackie and Stella, 2006); yet, there remain
open questions regarding its relation to behavior and response
to exogenous cannabinoids. Molecular biological studies have
shown that it functions through retrograde signaling of cannabi-
noid neurotransmitters (Kreitzer and Regehr, 2002; Hua et al.,
2016; Devane et al., 1992) that modulate cellular function by
binding endocannabinoid receptors (Hua et al., 2016; Devane
et al., 1992), which are found throughout the brains of mam-
mals with varied density based on cell type and brain area

(Herkenham et al., 1990; Devane et al., 1988; Glass et al., 1997).
Cannabis is a plant whose consumption produces modulatory
effects on the endocannabinoid system, making it a fixture
of human societies spanning an array of uses and contexts
(National Academies of Sciences, Engineering, and Medicine and
others,2017; Long et al., 2017; Grotenhermen, 2003). In particular,
it produces psychotropic effects such as euphoria and relaxation
that are considered driving factors in recreational usage (Green
et al.,, 2003; van Hell et al,, 2011). Until recently, there have
been restricted avenues for legal cannabis use and research, but
regulatory changes have expanded what cannabis products are
available, the ways in which the public consumes them, and
the possibilities for research (Haney and Hill, 2018; Hasin, 2017).
This presents a need for better understanding the specific ways
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that cannabis affects the brain and the consequent changes in
behavior (Murray et al., 2007; Hall and Degenhardt, 2009).
Epidemiological and pharmacological studies have shed
light on the effects of cannabis, indicating both therapeutic
applications and health risks associated with its use (National
Academies of Sciences, Engineering, and Medicine and others,
2017; Hall, 2015; Volkow et al., 2014). While cannabis has many
neuropharmacologically active agents, tetrahydrocannabinol
(THC) is the primary psychoactive compound that motivates
its recreational usage (Andre et al., 2016; ElSohly et al., 2014). It
acts as a partial agonist on type 1 cannabinoid receptor (CB1)
(Grotenhermen, 2003), in which it modulates the function of
the endocannabinoid system to alter mood, perception and
appetite and produce a characteristic relaxed or euphoric state
(Agrawal et al., 2014; Mattes et al., 1994) with acute side effects
including reduced short-term memory, impaired motor skills,
and heightened anxiety and paranoia (Gonzalez, 2007). Studies
of long-term neurological effects of THC exposure have shown
reversible downregulation of CB1 receptors (Hirvonen et al,
2012), impaired cognition (Broyd et al., 2016; Batalla et al., 2013),
and increased risk of psychosis, particularly in adolescence
(Marconi et al.,, 2016; Large et al., 2011; Moore et al., 2007;
Andrade, 2016). In contrast, studies of therapeutic applications
of THC have found substantial support for its use in treating
chronic pain (Smith et al., 2015; Andreae et al, 2015) and
chemo-therapy induced nausea and vomiting (Grotenhermen
and Miiller-Vahl, 2012; Whiting et al., 2015; Smith et al., 2015).
Magnetic resonance imaging (MRI) has emerged as a use-
ful tool for delineating the structural and functional changes
associated with THC exposure, and these findings have been
comprehensively reviewed (Bloomfield et al., 2018; Lisdahl et al.,
2014; Batalla et al., 2013; Quickfall and Crockford, 2006). Cerebral
blood flow (CBF) imaging studies have identified changes in
prefrontal and insular areas (Mathew et al., 1997; van Hell et al.,
2011), and functional MRI studies have expanded this picture
to identify network-level and task-dependent changes in brain
connectivity during THC exposure. Several studies have shown
disruptions in salience processing, i.e., changes in connectivity
of insular and anterior cingulate regions with other brain areas
(Bhattacharyya et al., 2015; Wetherill et al., 2015; Battistella et al.,
2013; Hester et al., 2009; Bhattacharyya et al., 2012). There is
further evidence of functional alterations of fear and emotion
processing in areas such as the amygdala (Phan et al., 2008;
Colizzi et al., 2018; Heitzeg et al., 2015), and task-specific findings
showing effects related to motor inhibition (Borgwardt et al.,
2009), reward anticipation (Nestor et al., 2010), spatial working
memory (Schweinsburg et al., 2010), and cognitive control (Hard-
ing et al., 2012). In contrast, structural neuroimaging has pro-
vided a complementary picture of associations of THC exposure
with brain morphology and tissue properties of gray and white
matter. Morphometric studies have found effects in subcortical
gray matter structures, such as the nucleus accumbens, amyg-
dala, and hippocampus (Lorenzetti et al., 2019; Gilman et al.,
2014; Owens et al., 2019), as well as cortical effects in gray matter
density in prefrontal areas, insular cortex, and the cerebellum
(Medina et al., 2010; Churchwell et al., 2010; Battistella et al,,
2014). Similar to functional studies, gray matter effects have
been detected that are specifically related to psychosis (Schnell
et al., 2012). More refined analysis has further shown cortical
thinning in prefrontal and insular cortex (Lopez-Larson et al.,
2011; Jacobus et al., 2015; Shollenbarger et al., 2015). Diffusion
imaging has revealed white matter effects (Becker et al., 2015;
Yiicel et al., 2010; Jacobus et al.,, 2013; Orr et al.,, 2016), with

consistent results in the corpus callosum (Arnone et al., 2008;
Zalesky et al., 2012; Rigucci et al., 2015), in adolescence (Ashtari
et al.,, 2009), and in relation to impulsivity (Gruber et al., 2011).
Together, these imaging studies provide substantial support for
numerous and persistent changes in the brain function and
structure related to THC exposure; however, there remain open
questions regarding the neuroanatomical features related to
tissue organization that are involved.

In this study, we investigated how microstructure organiza-
tion relates to THC exposure, focusing on the cerebral cortex,
and subcortical nuclei involved in decision making and emotion
regulation. While gray matter morphology and volumetry
approaches are powerful tools, they provide measures of
neuroanatomy that are relatively coarse-grain and non-specific
to the underlying tissue organization. Our experiments use
recent advances in multi-shell diffusion MRI and computational
modeling techniques to probe aspects of the organizational
properties of tissue microstructure that have been previously
unexplored in relation to THC exposure. Our analysis is
distinguished from past diffusion MRI studies of THC exposure
that focused on white matter tissue properties; in contrast, we
examined gray matter imaging parameters, which may capture
distinct microstructural features of neurites and glial cells.
Our experiments specifically characterized the relationship
between gray matter microstructure imaging parameters and
biospecimen-defined THC exposure in a large cohort of typical
young adults recruited and scanned cross-sectionally as part of
the Human Connectome Project (HCP), using a multi-modal
and computational approach to derive quantitative indices
of tissue microstructure. Our analysis primarily examined
frontoinsular cortex and subcortical brain areas (nucleus
accumbens, caudate, putamen, substantia nigra, hippocampus,
hypothalamus, and periaqueductal gray), and in a subsequent
analysis, we expanded the analysis across the cerebral cortex
to assess the anatomical specificity of our results. We report
differences in an index of neurite orientation dispersion (ODI)
that are localized in bilateral frontoinsular and ventromedial
prefrontal cortex and the lateral subfields of the amygdala,
with analogous findings shown with fractional anisotropy
(FA) using diffusion tensor imaging (DTI). Our analysis further
investigated the connection between these findings and
individual behavioral measures, showing independent effects in
memory performance, negative intrusive thinking, and paternal
substance abuse. We discuss the relevance of these findings and
the connection of THC exposure with brain areas underlying
salience processing, emotion regulation, and decision making.
We did not detect microstructural effects in all cannabinoid-
receptor-rich brain areas, which motivates several hypotheses
concerning redundant molecular and cellular mechanisms that
we propose to potentially explain our findings.

Materials and Methods
Participants and Datasets

Data were acquired from participants as part of the HCP. We
obtained Tp-weighted (T1wMRI) and diffusion-weighted MRI
(dwMRI) data, and included 781 participants with scans that
pass quality control and completed image processing. Following
institutional ethics review, we also analyzed demographic
and behavioral data from the restricted data release, which
included age, gender, self-reported substance use, and self-
reported family history of substance abuse. Biospecimen-
defined THC exposure was assessed with a urine screen
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A. Manual Delineation of
Frontoinsular Cortex

B. Caltech Amygdala
Subfield Atlas

C. Surface-based Analysis of
Cortical Microstructure

Figure 1. An overview of the anatomical modeling components used in our analysis. (A) shows the manually drawn frontoinsular cortex mask used in the region of
interest analysis, and (B) shows amygdala subfields that were obtained from the Caltech Amygdala Atlas and included as well (TLwMRI shown in background). (C)
illustrates the cortical surface analysis, in which the pial boundary (cyan) and white matter boundary (yellow) were used to estimate cortical microstructure (ODI

shown in background) in brain areas from the HCP multimodal parcellation.

(Alere iScreen 6-panel urine drug test dip card; DOA164-
551), and 85 participants were included that tested positive
for THC exposure, as determined as per the manufacturer’s
criterion cut-off of 50 ng/mL of the THC metabolite 11-nor-
A9-tetrahydrocannabinol-9-carboxylic acid (THCCOOH). We
also examined an additional self-reported total number of
cannabis uses, which consisted of the the following levels:
no use=0; 1-5 uses=1; 6-10 uses=2; 11-101 uses=3; 101-
999 uses=4; 1000 or more uses=>5. Participants completed a
set of instruments from the Achenbach System of Empirically
Based Assessment (ASEBA) (Achenbach and Rescorla, 2003),
and from this, we retained the adult self-report thought
problems scale (Abdellaoui et al., 2012). We used this scale
to operationalize a summary measure of negative intrusive
thinking, as the questionnaire includes self-reported measures
of hallucinations, self-destructive thoughts, repetitive behavior
and other factors that negatively impact daily life. Working
memory was assessed using the NIH Toolbox, and our analysis
examined the overall accuracy across all conditions.

Image Acquisition and Preprocessing

T1wMRI and dwMRI data from the HCP were collected on a
Connectome Siemens 3 Tesla Skyra scanner using a 32-channel
head coil (Glasser et al.,, 2013; Van Essen et al.,, 2013). The
T1wMRIs were acquired using a 3D MPRAGE sequence with
0.7 mm isotropic resolution (FOV =224 mm, matrix =320, 256
sagittal slices in a single slab), repetition time (TR)=2400 ms,
echo time (TE)=2.14 ms, inversion time (TI)=1000 ms, flip
angle =8°, bandwidth =210 Hz per pixel, echo spacing=7.6 ms,
and phase encoding undersampling factor GRAPPA =2.10%.
dwMRIs were collected with a single-shot two dimensional spin-
echo EPI acquisition with a multi-band factor of 3, 1.25 mm
isotropic voxels with FOV PE by Readout =210 x 180; matrix size
PE by Readout=144 x 168; 111 interleaved slices without gap;
left-right and right-left phase encoding; flip angles=78° and
160°. For each phase encoding direction, the diffusion sampling
scheme consisted of 18 baseline scans and 270 diffusion-
weighted scans acquired using single diffusion encoding across

3 shells with b=1000, 2000, and 3000 s/mm?; all dwMRI scans
had TE=89 ms and TR=5.5 s. Each shell included 192 data
points representing 90 diffusion gradient directions and 6 b=0
shells acquired twice resulting in 270 non-collinear directions
for each PE. Total acquisition time was approximately 54 min
(6 segments of 9 min each). dwMRI data were preprocessed
with the HCP workflow (Sotiropoulos et al., 2013). This included
a sophisticated approach for correction of artifact due to
motion and eddy-current and susceptibility induced geometric
distortion. Using an additional set of diffusion MRI scans
collected with reversed phase encoding, this scheme estimates
and corrects for the off-resonance field and subject head motion
using a Gaussian process framework for robust non-parameteric
interpolation of the dwMRI signal.

Image Analysis

The HCP data were subsequently analyzed using the LONI
Pipeline (Dinov et al., 2009) to obtain microstructure parameters
characterizing the cerebral cortex and subcortical nuclei. The
workflow was implemented with the Quantitative Imaging
Toolkit (QIT) (Cabeen et al., 2018), Freesurfer (Fischl, 2012), FSL
(Jenkinson et al., 2012), ANTs (Avants et al., 2008), and DTI-TK
(Zhang et al., 2006). The main components are illustrated in
Figure 1 and described as follows.

The dwMRI data were denoised using a non-local means
filter, and microstructure parameters were obtained using two
multi-shell modeling approaches. First, we performed neurite
orientation dispersion and density imaging (NODDI) (Zhang
et al,, 2012) and estimated its parameters using a non-linear
fitting approach accelerated using the spherical mean technique
(Cabeen et al., 2019), resulting in volumetric maps of the
orientation dispersion index (ODI), neurite density index (NDI)
and isotropic volume fraction (ISO). Because our experiments
look specifically at gray matter, we used a parallel diffusivity
of 1.1x 103 mm?/s, which is an optimized value obtained
from previous work (Fukutomi et al., 2018). NDI is meant to
depict the proportion of neurite volume relative to the total
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cellular volume, while ODI is meant to separately depict neurite
orientational heterogeneity. We also estimated DTI (Basser and
Jones, 2002) parameters using weighted linear least squares
fitting with free-water elimination with a fixed diffusivity of
3.0 x 10°* mm?/s in the isotropic compartment (Hoy et al., 2014),
resulting in volumetric maps of FA and mean diffusivity (MD).
We then created a population-averaged dataset from 88 scans
from the test-retest portion of the HCP dataset. We used the
tensor-based deformable registration and spatial normalization
pipeline implemented in DTI-TK (Zhang et al., 2007) to produce
the population averaged DTI, NODDI, and TI1wMRI datasets that
were aligned to the IIT template (Zhang et al., 2011). Subject
data from all participants were then spatially normalized to the
template and the deformable registration maps were retained
for each individual.

Our inital goal was to investigate gray matter microstructure
parameters in frontoinsular cortex (FIC) and related structures
involved with decision making and emotion regulation using a
region-of-interest (ROI) approach. We subsequently expanded
our analysis to include cannabinoid-receptor-rich brain areas.
Guided by the definition from Allman et al. (2010), we first
manually delineated ROIs on coronal slices of the template for
left and right FIC using QIT and co-registered these in subject
native space and computed region-averaged parameters. The
other additional structures we examined included: the nucleus
accumbens, caudate, putamen, substantia nigra (separate com-
pact and reticular parts), hippocampus, hypothalamus and peri-
aqueductal gray. ROIs were obtained from the Caltech Sub-
cortical and Amygdala Atlases (Pauli et al., 2018; Tyszka and
Pauli, 2016), and the remainder were manually drawn on the
population average. The Caltech atlas data were aligned to our
population average TIwMRI map using ANTs diffeomorphic
registration, and the amygdala atlas includes 10 subfields that
are described in detail in the publication associated with the
atlas.

In a subsequent analysis, we also investigated microstruc-
ture properties across the entire cerebral cortex, with the goal
of determining the anatomical specificity of the frontoinsu-
lar findings in the ROI analysis. We processed TIwMRI data
using Freesurfer to create 3D cortical models, and the cortical
models were linearly aligned with the diffusion data using FSL
FLIRT with the mutual information cost function. To estimate
cortical microstructure, we took a similar approach to Fuku-
tomi et al. (2018) and refined the alignment of the cortical
surface to better match the tissue boundaries in the diffu-
sion scan, which may retain subtle geometric distortions not
found in the T1wMRI. Briefly, for each subject, we computed
the weighted average microstructure parameters in each ver-
tex of the Freesurfer cortical surface, which was aligned to
native diffusion space. The surface-based parameter average
was computed in two stages. In the first stage, the midpoint
between the pial and white matter surfaces was computed and
15 sampling points were equally spaced between them, with an
additional 2 mm buffer on either side. For a given microstructure
parameter, the values were measured at each of the sampling
points, and subsequently inversely weighted by their distance
to the midpoint and the by tissue MD, with the goal of avoiding
contamination by white matter and CSF. In the second stage, the
mean and standard deviation were computed and outlier values
were detected and excluded using a z-score threshold of 3.0;
finally, the average value was found from the remaining points.
We then summarized the microstructure parameters in the
regions defined by the HCP multi-modal parcellation (HCP-MMP-

1.0), which includes 180 cytoarchitectonically defined parcels in
each hemisphere (Glasser et al., 2016). The HCP-MMP-1.0 region
most closely aligned with the manually drawn frontoinsular
ROI was agranular anterior insular cortex (AAIC). For each sub-
ject, we also created a composite ventro-medial prefrontal cor-
tex (vimPFC) region by averaging the microstructure parameters
from Brodmann areas p32, s32, a24, and 10r, and we computed
interhemispheric averages of the AAIC and vmPFC measures
as well.

Statistical Analysis

We first estimated multiple linear regression models to relate
microstructure to the subject variables with covariates includ-
ing: age, gender, body mass index (BMI), intracranial volume, and
whether the subject was a daily smoker or drinker. All continu-
ous model parameters were normalized to zero-mean and unit-
variance to allow their regression coefficients to be reported in
standardized units. We excluded outliers using Tukey’s proce-
dure, in which high and low cutoffs were determined by 1.5
times the interquartile range beyond the low and high quartiles,
computed using the entire cohort. Covariates were added using
forward stepwise model selection; after which, the variable-of-
interest, e.g., THC exposure, was included in the model. We
used the Bayesian Information Criteria (BIC) for model selec-
tion, a statistical measure that balances model complexity and
goodness-of-fit (Vrieze, 2012). We retained the R? coefficient of
determination of the model, and the statistical outcomes of
each subject variable, including the regression coefficient, t-
value, standard error, and P-value. To measure the support for
including THC exposure in models explaining microstructure
variation, we also retained the change in adjusted R? and change
in BIC between models with and without THC exposure. For
data from the surface-based analysis with the HCP-MMP regions,
we corrected for multiple comparisons using the Benjamini-
Hochberg procedure to control the false discovery rate (FDR),
that is, the expected proportion of type I errors (Benjamini and
Hochberg, 1995). We then created 3D cortical surface visualiza-
tions showing the resulting FDR g-values across the HCP-MMP
regions.

Subsequent to our primary analysis, we also examined
the relationship between microstructure and demographic
and behavioral measures. Besides demographic variables, we
also analyzed measures of memory performance, negative
intrusive thinking, and paternal substance abuse, which are
factors related to THC exposure that we identified empirically
from a preliminary analysis of the data. Our goal was then
to assess their connection with both THC and gray matter
microstructure. We estimated a multiple linear regression
model relating microstructure variation to the combination of
these measures. To reduce the complexity of the analysis, we
summarized the microstructure parameters from FIC, AAIC,
vmPFC, and the amygdala with a single general factor, by
performing principal component analysis and extracting the
scores of the first component. This general factor was used as a
dependent variable in the regression model that included THC
exposure, age, gender, BMI, smoking, drinking, memory, negative
intrusive thinking, and paternal substance abuse as covariates.

Finally, we compared THC exposure as assessed from the
urine screen with the self-reported total cannabis usage. We
estimated linear regression models to test both the agreement of
self-reported usage with THC test results and the association of
self-reported results with microstructure parameters identified
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Table 1 Significant statistical associations between THC exposure and ODI

Region ABIC R? R%g AR%y std. g SE P-value

Frontoinsular 11.0 0.073 0.069 0.020 0.501 (0.119) 2.9x10°
Anterior insular 8.0 0.111 0.106 0.016 0.443 (0.116) 1.4x 10
Ventromedial PFC 5.7 0.106 0.100 0.014 0.409 (0.116) 4.6 x 10
Amygdala BLN-La 74 0.062 0.057 0.016 0.447 (0.119) 1.8x 10
Amygdala INA 2.7 0.043 0.038 0.010 0.362 (0.119) 2.3x10°3
Amydala ATA-ASTA -0.9 0.073 0.068 0.006 0.280 (0.117) 1.7 x 1072
General factor 18.0 0.124 0.119 0.027 0.573 (0.115) 7.7 x 107

Each row shows THC effects from a multiple linear regression model that included age, sex, BMI, intracranial volume, smoking and drinking as covariates. Data
were centered and scaled to zero-mean and unit variance before modeling to standardize g coefficients. For each parameter, models were fit with and without THC
exposure (as measured from a urine drug screen), and the change in BIC and Rgdj was computed to further quantify the contribution of THC to the model. The results
show the strongests effects were in fronto-insular cortex (FIC, AAIC) and the lateral portion of the basolateral amygdala (BLN-La). All results were from left-right
averaged parameters. Other statistical results can be found in the supplementary material.

in the previous analysis. This was included to both confirm
the validity of the THC test and to characterize dose-dependent
effects, which are not otherwise available from the THC screen.

Our statistical analysis was implemented using R 3.3.3, plots
were created using ggplot 3.2.1 (Wickham, 2017), and tables were
created using stargazer 5.2.2 (Hlavac, 2013). Three-dimensional
visualizations of statistical maps overlaid on brain anatomy
were created using QIT.

Results

Our primary analysis showed significant and strong associa-
tions between THC exposure and NODDI ODI in frontoinsular
cortex (std. #=0.501,P =2.9 x 10-°) and three amygdala subfields
comprising the lateral portion: the lateral basolateral nucleus
(BLN-La) (std. B=0.447, P=1.8 x 10*), the combined amygdala
and amygdalostriatal transition areas (ATA-ASTA) (std. 8 =0.280,
P=1.7 x 10%), and the intercalated nucleus (INA) (std. g =0.362,
P=2.3 x 10°3). The data are shown in Figure 3A and B and regres-
sion results are summarized in Table 1. The statistical results are
visualized on 3D models of the amygdala subfields in Figure 2B.
No significant associations were found with other subcortical
nuclei or with NODDI NDI. DTI FA showed similar effects as
NODDI ODI, though with smaller effect sizes and larger P-values.
In our surface-based analysis of the cerebral cortex, we found
significant associations between THC exposure and NODDI ODI
in AAIC, several regions of comprising ventromedial cortex
(Brodmann areas p32, s32, a24, and 10r), and several others
weaker effects shown in Figure 2A. DTI FA showed similar
results but with smaller effect sizes, and they can be found in the
supplemental material. No significant associations were found
with NODDI NDI. Because they exhibited bilateral symmetry,
we focused on effects in agranular anterior insular and ventro-
medial prefrontal cortices, as illustrated in Figure 2A. Statistical
analysis of the interhemispheric averages showed the strongest
in frontoinsular cortex (std. p=0.501, P=2.9 x 10°), vimPFC
(std. 8=0.409, P=4.6 x 10*), and BLN-La of the amygdala (std.
B=0.447,P=1.8 x 10**. The AAIC overlapped substantially with
the manually drawn FIC mask, but the effect sizes in AAIC
were smaller than the those from FIC. The composite vimPFC
region showed a stronger effect than the individual regions
that comprised it, and the general factor showed the greater
effect overall (std. =0.573, P=7.7 x 107). The data are shown
in Figure 3A and regression results are summarized in Table 1.
Regarding the model evaluation, FIC showed the strongest
support for including THC exposure in the model (ABIC=11.0),

and at the other extreme, the BIC suggested that in ATA-ASTA,
the inclusion of THC exposure did not improve the model
(ABIC < 0). The other areas showed positive (INA, vmPFC) to
strong (AAIC, BLN-La) support for THC exposure improving the
model (Kass and Raftery, 1995). In comparing the models from
different diffusion parameters, the R? coefficients of NODDI ODI
models were generally higher than those from DTI FA.

Our analysis of behavioral parameters showed significant
associations of the microstructure general factor score with:
gender (8=0.574, P=2.8 x 10*), BMI (std. $=0.057, P=0.014),
memory (std. =-0.102, P=0.042), paternal substance abuse
(8=0.214, P=0.028), and negative intrusive thinking (std.
B=0.137,P =7.8 x 10°). Furthermore, the effect of THC exposure
retained significance and a large effect size when included
with these covariates (std. =0.417, P=2.8 x 10**), and the total
variance explained by the model was R? = 0.181. The data are
shown in Figure 4 and the regression results are summarized in
Table 2.

The comparison of self-reported cannabis use with the THC
urine screen showed a strong correlation, indicating a sub-
stantial agreement between the two measures. Figure 3C shows
plots of how the self-reported cannabis use scores relate to
observed microstructure parameters. Multiple linear regression
models showed similar significant associations as the urine
screen; however, the models with self-reported cannabis use
had smaller effect sizes and larger P-values than those from the
urine screen. The largest individual effects with self-reported
cannabis use were in FIC (std. 8 =0.093,P=9.1 x 10°°) and amyg-
dala BLN-La (std.  =0.103,P =1.07 x 10°°), and the general factor
showed the strongest effect overall (std. § =0.122,P =5.86 x 10°°).
Figure 3C shows plots of how the self-reported cannabis usage
scores relate to observed microstructure parameters, and the
non-parametric local regression plot indicates the change in ODI
is principally at the high end of the scale, where total reported
uses exceeds 1000 uses.

A comprehensive summary of our experiments and results
can be found in the supplementary material.

Discussion

The present study combined high-quality multimodal neu-
roimaging data with advanced computational modeling
approaches to characterize microstructure of the cerebral
cortex and subcortical nuclei and how it relates to THC
exposure. By analyzing the large cohort provided by the HCP,
we quantitatively characterized microstructure variation in
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Significant Associations of ODI and THC in the Cerebral Cortex

Left Lateral

Right Lateral

FDR g-val 0.05

Left Medial

Right Medial

ATA-ASTA
INA
BLN-La

Anterior View

j FDR g-val 0.05

Posterior View

ATA-ASTA
INA
BLN-La

Figure 2. Visualizations showing anatomical areas with significant statistical associations between the ODI and THC exposure. (A) shows results from the cortical
surface analysis, where there were strong bilateral effects in AAIC and ventromedial prefrontal cortex (VMPFC). (B) shows results from the amygdala subfield analysis,

where three areas comprising the lateral portion were identified.

relation to biospecimen-defined THC exposure as it occurs in
a typical non-clinical population. In particular, our analysis
demonstrated that THC exposure is strongly associated with
differential microstructure organization in the cerebral cortex
and amygdala, and furthermore, that they are linked with
independent effects in behavioral measures of memory per-

formance, negative intrusive thinking, and paternal substance
abuse. Using computational anatomical modeling, our analysis
enabled the localization of these effects in frontoinsular cortex,
ventromedial prefrontal cortex, and lateral subfields of the
amygdala. A comparison of diffusion parameters showed that
the ODI had greater sensitivity to these effects, while DTI
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Figure 3. Plots showing the relationship between the ODI and THC exposure. (A) and (B) show associations between ODI and drug test results in cortical and amygdala
gray matter. The results indicated THC exposure is associated with higher orientation dispersion. (C) shows analagous results with self-reported cannabis use. The
first plot shows strong agreement between drug test results and self-reported use, and the second two plots show dose-dependency and ODI, wherein ODI has greater
differences at the higher end of the scale. The plots include dots representing individual participants, and boxplots are overlaid to show the median and quartiles.

fractional isotropy detected them to a lesser extent. We focused
on the urine drug screen as a primary indicator of THC exposure,
and our statistical comparison of the drug test results with
self-reported cannabis use suggested a close relationship. The
results also provide some support for a dose-dependent effect,

as greater self-reported use was also associated with higher
ODI. However, the THC urine screen proved the most sensitive
for identifying brain associations with microstructure, perhaps
because it affords a lower chance for reporting errors from
participants. In addition, drug screens have been found to have
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A. A General Factor of Tissue Microstructure and Demographic Parameters
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Figure 4. Plots showing the relationship between demographic and behavioral parameters and a general factor of ODI microstructure. The general factor was derived
through principal component analysis of ODI values in FIC, AAIC, VMPFC, BLN-La, ATA-ASTA, and INA. The top row shows the relationship between the ODI general
factor and THC, gender, and BMI. ODI shows a positive trend with THC exposure, male subjects, and higher BMI. The second row shows the relationship betweeen the
ODI general factor and memory performance, negative intrusive thinking, and paternal substance abuse. The results indicates that poorer memory performance is
associated high OD], as is a higher score on the thought problems scale and the paternal substance abuse. The plots include dots representing individual participants,
and either boxplots or regression lines are overlaid to show the median and quartiles.

a dose-dependency of their own, in which heavy users have a
longer time period in which they test positive (Moeller et al,,
2017), a factor which may bias the THC positive participant pool
toward those with higher levels of exposure. Furthermore, our
results suggest that the observed effects are distinct from other
substance use, including alcohol and nicotine.

Our findings support an emerging picture of the important
link between frontoinsular cortex, prefrontal cortex and the
amygdala and THC exposure, which is supported by past neu-
roimaging looking at CBF, functional activation, and morphome-
try with THC exposure. Several previous studies have specifically
looked at brain changes with THC exposure in the HCP dataset,
as we did in our study, and they found related changes in
neuropsychological performance (Petker et al., 2019), poorer
working memory with associated functional changes (Lorenzetti
et al, 2019; Gilman et al., 2014; Owens et al., 2019), reduced
amygdala and hippocampal volume (Pagliaccio et al., 2015;

Owens et al., 2019), reduced segregation between cognition and
emotional function processing (Manza et al., 2019), and changes
in white matter integrity (Orr et al., 2016). However, because
no studies to date have yet explored the relationship between
THC and gray matter microstructure, the present studies
represents a novel perspective on the structural organization of
brain microanatomy in relation to THC. Specifically, we showed
evidence that discrete brain areas are related to THC exposure,
and furthermore, we found that the greatest sensitivity was
obtained when deriving a single general factor from a linear
combination of these areas. These findings raise several issues
considering the endocannabinoid system and how exogenous
THC exposure is perhaps related to measurable changes in
tissue microstructure.

We can first consider our findings at a systems level, that
is, related to functional aspects of frontoinsular cortex, ven-
tromedial prefrontal cortex, and lateral amygdala. Our primary
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Table 2 Significant statistical associations between demographic and behavioral parameters and a general factor of ODI values (P < 0.05)

Variable Std. 8 SE t-stat P-value
THC positive 0.417 (0.115) 3.7 2.8x10 ~*
Gender 0.574 (0.088) 6.5 9.9x10 ~1
Age 0.057 (0.035) 1.7 0.10

Body Mass Index 0.021 (0.006) 3.2 0.014
Memory -0.102 (0.035) -29 0.042
Negative Intrusive Thinking 0.137 (0.035) 4.0 7.8x10 ~°
Paternal Substance Abuse 0.214 (0.097) 22 0.028
Daily Smoker 0.011 (0.015) 0.7 0.47

Daily Drinker 0.034 (0.019) 1.8 0.077
Intracranial Volume —0.053 (0.044) -1.2 0.22
Observations 768

R? 0.181

Adjusted R? 0.170

The dependent variable was defined by the principal component scores computed to summarize NODDI ODI values in FIC, AAIC, vimPFC, BLN-La, ATA-ASTA and
INA. Each row shows a different variable included in a single multiple linear regression model, and the columns list statistical parameters associated with them. The
results show that gender, BMI, memory performance, paternal substance abuse, and negative intrusive thinking contribute to variation in the ODI general factor;
however, with these covariates, THC retains a strong significant relationship with ODI indicating an independent contribution to variation in microstructure.

analysis aimed to understand microstructure variation in fron-
toinsular cortex, due to the comprehensive literature showing
its role in salience processing (Seeley et al., 2007; Uddin, 2015;
Menon and Uddin, 2010), interoceptive awareness (Craig, 2009),
pain, decision making (Wiech et al., 2010), among many others
(Nieuwenhuys, 2012). There is a plausible relationship between
known effects of cannabis and our insular findings, for example,
the representation of flavor in insular cortex (integration of
taste and olfaction) (Small, 2010) and within the endocannabi-
noid system (Bellocchio et al., 2008); the processing of pain in
anterior insula (Fazeli and Biichel, 2018; Wiech et al., 2010),
and its commonality in gray matter morphometric studies of
psychiatric illness (Goodkind et al., 2015). In addition to fron-
toinsular effects, the surface-based analysis showed the ventro-
medial prefrontal cortex as another discrete brain area where
microstructure is related to THC exposure. Previous work has
found that vmPFC serves a key role in emotional regulation
(Héansel and von Kénel, 2008; Etkin et al., 2011), decision making
(Bechara, Tranel, Damasio, 2000; Fellows and Farah, 2007; Reber
et al.,, 2017), and psychopathology (Hiser and Koenigs, 2018;
Myers-Schulz and Koenigs, 2012). Beyond the cortical effects, our
analysis also showed anatomically specific effects within lateral
amygdala subfields. Previous work studying the amygdala has
shown its importance in emotion recognition (Adolphs, 2002)
and social judgment (Adolphs et al., 1998). In conjunction with
frontoinsular cortex, it is also involved in processing risk predic-
tion error, uncertainty, and empathy (Singer et al., 2009; Decety
and Michalska, 2010). Furthermore, Phan et al. (2008) showed
related effects of THC on amygdala functional activity related
to social signals, and our microstructure results show similar
localization in lateral amygdala subfields.

We can draw several parallels among the functional signif-
icance of these brain areas. It is plausible that the observed
effects exist because these areas work in concert; indeed, tract
tracing studies of non-humans have shown direct connections
among these three areas (Mufson et al., 1981; Amaral and Price,
1984), and functional studies have shown direct regulation of
amygdala function by ventromedial prefrontal cortex (Motzkin
etal., 2015; Coombs III et al., 2014) and perfusion changes linked
to negative affect (Coombs III et al., 2014). Lesion studies have
also shown its role coordinating the vimPFC and insular cortex

in risky decision making (Clark et al., 2008; Bechara, Tranel,
Damasio, 2000), and our effects may further be linked to past
work showing a connection between paternal alcohol abuse,
and subsequent risky decision making and substance abuse in
offspring (Ohannessian and Hesselbrock, 2008). With regard to
our AAIC and vmPFC findings, the work of Baldo et al. suggest
these areas play causal role in regulating feeding behavior via
a GABA agonist, which possibily relates to the analogous role
of THC on GABA inhibition. The areas identified in our study
have also been proposed as a possible anatomical substrate for
the somatic marker hypothesis, whereby the amygdala, insular
and vmPFC process emotions to subsequently guide decision
making (Bechara, Damasio, Damasio, 2000). A related point is
that there were also parietal brain areas which showed moderate
but significant effects (without bilaterality), including left hemi-
sphere Brodmann areas 1, 7PL, and IP2, areas which all relate
to somatosensory function. Furthermore, the meta-analysis by
Goodkind et al. (2015) showed that while anterior insular cor-
tex plays a role in both psychotic and non-psychotic psychi-
atric illnesses, the vmPFC exhibits specificity to psychotic cases,
which is perhaps relevant to previously established associations
between cannabis use and psychosis. In a direct comparison
with their data, we found that our FIC and vmPFC regions have
some overlap with those from the meta-analysis. In addition,
given the pharmacological effects of THC on pain and the impor-
tance of frontoinsular cortex in the processing of pain expecta-
tion and prediction errors (Fazeli and Biichel, 2018; Craig, 2003;
Hester et al., 2009), this supports the role of the endocannabinoid
system in the processing of pain. Taking a broader view, our
results suggest discrete brain areas in which the cannabinoid
system may play its role in homeostatic regulation in which,
as suggested by Volkow et al. (2017), it acts as a buffer against
extreme experiences to promote well-being through its involve-
ment in salience processing, emotion regulation, and decision
making.

We can also drill further down to ask: what are plausible
underlying cellular and molecular mechanisms that could
produce these effects? One possibility is that our observations
reflect a change in microglia density or activation, as Yi et al.
(2019) rigorously showed that ODI parametrically reflects
microglia density. This possibility is supported by work directly
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showing changes in microglia in response to THC exposure
(McHugh et al., 2014) and work showing that endocannabinoids
are involved in microglia signaling (Stella, 2009) and driving
them from quiescent to activated states (Mecha et al., 2015). The
coordination of microglia and endocannabinoids have further
been suggested to be a component of psychiatric disorders
(Lisboa et al., 2016; Mecha et al., 2016), which is supported by
our findings related to negative intrusive thinking (Abdellaoui
et al.,, 2012). However, because microglia are found throughout
the brain, this does not adequately explain the anatomical
specificity of our findings.

To account for this, we propose a more parsimonious
molecular and cellular mechanism: that THC exposure produces
microstructural changes via the degradation of stathmin-2
(STMNZ2) at the presynaptic CB1 receptors (CBR1) of chole-
cystokinin (CCK) basket cells. STMN2 is a protein involved
in the structural maintence and repair of axons in adults
(Klim et al., 2019), and THC has been shown to cause STMN2
degradation in growing axons in fetal brains thus disrupting
connectivity (Tortoriello et al., 2014). The proposed role of
STMN?2 is driven in part due to the anatomical distribution
of our findings, which showed a notable abscence of effects
in some cannabinoid-receptor-rich nuclei, i.e., caudate and
putamen. We consulted the Genotype-Tissue Expression (GTEX)
Portal (https://gtexportal.org/) and the Allen Brain Map Portal
(https://portal.brain-map.org/) to observe expression profiles
of the cannabinoid receptor protein CNR1, which showed
widespread expression across the brain, including all of the
investigated brain areas; however the distribution STMN2 and
CCK provide interesting constraints. In contrast to CNR1, STMN2
showed negligible expression in the caudate, putamen, and
substantia nigra but substantial expression in the cortex and
amygdala. Concerning the cellular component, CCK basket cells
are common interneurons whose morphology and inhibitory
action are influenced by cannabinoids (Trettel and Levine, 2003;
Berghuis et al., 2007) potentially through the degradation of
STMN2. They have been previously identified in prefrontal
cortex (Eggan et al., 2010), amygdala (Rovira-Esteban et al., 2017),
and hippocampus (Hartzell et al., 2018), and the GTEx and Allan
maps of CCK indicate expression patterns analagous with our
findings, that is, more in amygdala and cortex and much less
in the hypothalamus, caudate, putamen, substantia nigra, and
periaqueductal gray. While we did not observe microstructure
effects in hippocampus, we did observe significant differences
in total hippocampal volume, similar to Owens et al. (2019),
so higher resolution imaging data may be necessary to detect
microstructural changes in the the thin layer that CCK cells
occupy. Thus, the effects of THC on STMN2 in CCK basket
cells provides a plausible candidate mechanism explaining
microstructural changes that are observable with diffusion MRI
and consistent with the brain areas identified in our analysis.

Finally, there are several relevant factors with greater speci-
ficity than may be measurable with MRI, yet are still worth dis-
cussing. For example, frontoinsular and area 24 of ventromedial
prefrontal cortex contain a unique and morphologically distinct
population of cells, known an von Economo Neurons (VENSs)
(Nimchinsky et al., 1999; Allman et al., 2010), and due to their
large size and bipolar geometry (Watson et al., 2006), it is plau-
sible that changes in the relative size or local density of VENs in
FIC could be a relevant factor. Some previous work has shown
that the diffusion signal reflects compartment sizes consistent
with cell bodies and dendrites (Latour et al., 1994), and others
have performed simulations suggesting the possibility of detect-

ing VENs with multi-shell diffusion MRI (Menon et al., 2019). A
final consideration is changes in dendritic spines and receptor
density, which likely occur in conjunction with possible mecha-
nisms described above. Specifically, there is evidence from Njoo
et al. that cannabinoid receptor agonists cause the shrinkage
of dendritic spines in mature cortical neurons in rodents, by
selectively causing the collapse the actin cytoskeleton within
the spine (Njoo et al., 2015). Related work has shown similar
changes in rodent dendritic spine morphology in prelimic cortex
(Miller et al., 2019), and when combined in stress, THC reduced
mushroom spines in the rodent amygdala and impaired fear
extinction (Saravia et al., 2019), which is perhaps relevant to
acute THC side effects of anxiety and paranoia in humans. These
possibilities align with the PET imaging finding that THC expo-
sure downregulates CB1 receptor density (Hirvonen et al., 2012);
however, it is unlikely these changes are directly observable with
MRI, due to their fine spatial scale.

There are also several limitations which constrain what we
can conclude from the present study. First and foremost, it is
important to note that the causal nature of any explanation
here should be carefully considered. While it could be that THC
is causing changes in microstructure, it is also possible that
distinct microstructure variants exist prior to THC exposure but
predispose one to cannabis use through their behavioral corre-
lates, e.g., impaired inhibition or a coping mechanism. However,
our examination of self-reported cannabis use provides some
dues related to dose-dependency, in which differences increased
non-linearly with higher usage. However, it should be noted that
the initial age of exposure is an important factor not explored
in our study, and because endocannabinoids play a key role in
neurodevelopment (Hurd et al., 2019), it would be valuable to
understand how gray matter microstructure parameters vary in
relation to adolescent exposure. The cross-sectional nature of
the HCP young adult data prohibits a conclusive answer in this
regard, requiring substantial further work that involves close
tracking of THC exposure across the lifespan or perhaps with an
interventional study design. Furthermore, while we examined
exposure here through a THC-specific urine screen, partici-
pants may have been co-exposed to other phytocannabinoids,
depending on the method of self-administration.

Regarding neuroimaging, our image analysis examined
diffusion MRI estimates of microstructure properties, an
approach that is powerful but with notable challenges related
to data interpretation. MRI parameters are essentially statistical
summaries of what is a large section of tissue, relative to the
physical scale of neurons and other cells. Diffusion modeling
has been shown in previous evaluation work to be sensitive
to a variety of neuronal scale tissue properties, such as fiber
coherence, packing density, myelination, etc. (Beaulieu, 2002);
however, there remain challenges regarding its specificity in
isolating the effects of any one of these factors. We employed
two diffusion modeling approaches in an attempt to depict more
specific organizational properties: first, we found effects related
to FA using DTI; second, we complemented this with NODDI,
an approach that shows promise in isolating the effects of
neurite dispersion (Mollink et al., 2017; Schilling et al., 2018).
These parameters show an interesting connection in gray
matter; similar to Fukutomi et al. (2018), we found a high
negative correlation between FA and ODI (Pearson’s r=—-0.78).
Furthermore, our experiments showed that NODDI ODI afforded
greater sensitivity than DTI FA, suggesting that the findings
may be distinguishable from neurite density, myelination,
etc. In nearly all cases, the effect size of ODI was greater
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than tensor anisotropy, suggesting that NODDI may provide
distinct anatomical information for mapping the effects of
THC exposure in gray matter. Finally, subsequent work could
explore cerebellar gray matter, as it strongly expresses CNR1,
however, there are challenges associated with surface-based
modeling of cerebellar cortex and the optimization of NODDI
fixed parameters in this region that require further attention
as well.

In conclusion, the present study demonstrated strong associ-
ations between THC exposure and the differential organization
of microstructure in the cerebral cortex and amygdala in a large
cohort of young adults. We identified frontoinsular cortex, ven-
tromedial prefrontal cortex, and the lateral amygdala as brain
areas with the greatest relative differences in microstructure
and found connections of these brain areas to independent
effects in behavioral measures of memory, negative intrusive
thinking, and paternal substance abuse. Given the increased
usage of cannabis in many parts of the world, it is important
to have a more complete understanding of how THC affects the
brain. Our study complements a rich literature of neuroimaging
studies of THC usage, and we expand on these past findings
by showing that brain areas for salience processing, emotion
regulation, and decision making also exhibit microstructure
differences. Such structural effects potentially raise concerns
regarding the long-term effects of cannabis use, and further
studies are warranted to characterize the longitudinal nature of
the onset and persistence of these effects across the lifespan and
to investigate the causal neurobiological factors connecting THC
exposure to microstructure changes in the endocannabinoid
system.
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Supplementary material is available at Cerebral Cortex online.
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