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Abstract

Marijuana (MJ) use and post-traumatic stress disorder (PTSD) have both been associated with
abnormalities in brain white matter tracts, including the cingulum and the anterior thalamic
radiations (ATR), which project from subcortical regions to frontal cortex. Studies have not
assessed the integrity of these tracts in patients with comorbid PTSD and MJ use. To examine
effects of PTSD and MJ use on brain structure, we performed diffusion tensor imaging scans on
seventy-two trauma-exposed participants, categorized into four groups: those with PTSD who used
MJ at least weekly (PTSD+MJ; n7= 20), those with PTSD with no regular MJ use (PTSD; n=19),
trauma-exposed controls without PTSD who used MJ (TEC+MJ; = 14) and trauma-exposed
controls with no PTSD or MJ use (TEC; n=19). White matter integrity was evaluated by
calculating fractional anisotropy (FA). Results showed that while FA values in the right ATR and
the cingulum differed across groups, there were no significant interactions between PTSD and MJ
in any white matter tracts, indicating that MJ exposure neither normalizes nor worsens white
matter abnormalities in those with PTSD. Further study is needed to evaluate the impact of MJ use
on other neurobiological markers of PTSD.
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1. Introduction

Post-traumatic stress disorder (PTSD) has the highest lifetime prevalence of all anxiety
disorders (8-9%) (Grinage, 2003) and is often comorbid with other anxiety disorders,
depression, and eating disorders (Bryant, 2001; Kearns et al., 2012; Wolitzky-Taylor et al.,
2010). PTSD is characterized by symptoms such as re-experiencing of a stressful or
traumatic experience through flashbacks and nightmares, emotional numbness or avoidance,
and episodic symptoms of hyper-arousal. These symptoms often cause significant distress
and impact social and occupational functioning. Unfortunately, even effective therapies, such
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as exposure-based therapy, leave many people with PTSD with significant symptomatology;
over one-third of patients who complete evidence-based therapies retain a diagnosis of
PTSD at treatment completion (Cukor et al., 2010).

Increasingly, those with PTSD are seeking alternative treatments, such as marijuana (MJ),
that lack an evidence base for safety and efficacy (Chilcoat and Breslau, 2019; Lepage et al.,
2018; Vlahov et al., 2019). There have been recent reports of increased prevalence of MJ use
among those with PTSD patients for flashbacks, recurring traumatic memories or disturbing
dreams (Yarnell, 2015). Many with PTSD develop problems from MJ use; the Veterans
Health Administration estimated the prevalence of cannabis use disorder (CUD) in PTSD to
be approximately 22% in 2014 (Marcel and Glenna). As legalization of the commercial MJ
market spreads throughout the United States, it is expected that prevalence of MJ use by
those with PTSD hoping for symptom relief will continue to increase. Thus, it is critical to
understand the effects of MJ on the brain in those with PTSD, particularly in regions shown
to have structural abnormalities in those with PTSD.

There is a growing consensus that PTSD is associated with abnormalities in brain white
matter tracts, which consist of myelinated axons of neurons that connect brain regions,
subserving rapid information transfer throughout the brain (Mehta et al., 2009). White
matter tracts implicated in PTSD include the cingulum bundle, which projects from the
cingulate gyrus to the hippocampus and medial temporal cortex, as well as from the
thalamus to the frontal cortex, and the anterior thalamic radiations (ATR), which projects
from the thalamus to frontal cortex (Coenen et al., 2012). Integrity of these tracts are critical
for emotion regulation, and these regions are thought to contribute to the emotion
dysregulation underlying symptoms of PTSD (Bierer et al., 2015; Sanjuan et al., 2013). It
should be noted the direction of these changes are unclear, with some studies showing
greater and other studies showing reduced connectivity of these fibers associated with
PTSD. Studies have reported lower white matter integrity of the cingulum in individuals
with high exposure to trauma (Kim et al., 2006) and veterans with combat trauma (Rinne-
Albers et al., 2016; Schuff et al., 2011). Decreased white matter integrity of the cingulum
has been reported in women with high exposure to trauma (Fani et al., 2015; Fani et al.,
2012), Afghanistan and Irag war veterans with PTSD (Sanjuan et al., 2013), and in adults
(Rinne-Albers et al., 2016) and adolescents (Daniels et al., 2013) with a history of trauma
and abuse. Others have reported that individuals with PTSD have Ajgher FA in the anterior
cingulate bundle (Abe et al., 2006), superior frontal gyrus (Zhang et al., 2012), and bilateral
posterior cingulum gyrus (Zhang et al., 2012) compared to healthy controls. A recent meta-
analysis of 14 studies of adult-onset PTSD with traumatic experience in adulthood (Siehl et
al., 2018) found that the most commonly reported changes in white matter were in the
cingulum (both decreased and increased FA) and frontal regions. Further research is needed
to determine whether decreases or increases in FA in the cingulum are detrimental. It should
also be noted that the age of trauma may affect the nature of these white matter changes. It is
possible that trauma-induced white matter alterations only occur during the early, formative
years of brain development in the case of childhood trauma (see (Daniels et al., 2013), and it
is also possible that the neurotoxicity of PTSD itself, even in adulthood, may be driving
white matter alterations. To date, only a handful of studies have attempted to parse out these
differences.
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White matter tract integrity is commonly measured using diffusion tensor imaging (DTI), a
non-invasive magnetic resonance imaging (MRI) technique that capitalizes on diffusion
properties of water through brain tissue (Alexander et al., 2007; Seckfort et al., 2008). DTI
methodology characterizes parameters of white matter microstructure, yielding measures of
its directional organization (fractional anisotropy: FA), averaged water diffusion in all
directions (mean diffusivity: MD), and water diffusion perpendicular to the primary fiber
orientation (radial diffusivity: RD). DTI studies have largely demonstrated that stress and
trauma impact white matter integrity (Eluvathingal et al., 2006) as excessive exposure to
stress hormones, especially during critical windows of brain development, can impair white
matter pathway formation (Richert et al., 2006). White matter integrity is particularly
impaired within circuits such as the cingulum that support memory formation and emotion
regulation (Ayling et al., 2012; Eluvathingal et al., 2006; Hanson et al., 2010; Jackowski et
al., 2008; Seckfort et al., 2008). As the cingulum is highly involved in memory, and
particularly memories specific to negative affect and pain (Shackman et al., 2011), we
hypothesized that, consistent with much of the literature, we would see /ncreased \WM
connectivity in the cingulum in those with PTSD. This increased WM connectivity could
potentially be a mechanistic explanation for why increased WM connectivity could lead to
PTSD symptoms such as flashbacks and nightmares.

Emerging evidence suggests that MJ use may disrupt the developmental trajectory of white
matter organization (Gruber et al., 2014; Gruber and Yurgelun-Todd, 2005). Most cross-
sectional DTI studies indicate lower FA in MJ users in various white matter regions,
including the superior longitudinal fasciculus (Ashtari et al., 2009; Hedges et al., 2007;
Jacobus et al., 2009; Lorenzetti et al., 2010), arcuate fasciculus (Ashtari et al., 2009), frontal
white matter adjacent to the anterior cingulate cortex (Gruber et al., 2014) and hippocampus
(Zalesky et al., 2012), internal capsule (Gruber et al., 2014), and the corpus callosum
(Arnone et al., 2008). It should be noted that other cross-sectional studies have found Aigher
FA in these regions (Bava et al., 2010; DeL.isi et al., 2006; Filbey et al., 2014; Jacobus et al.,
2009), indicating that the direction of change needs to be further clarified with longitudinal
studies that can assess FA before and after MJ use. One such longitudinal study that assessed
DTI measures at baseline and at a 2-year follow-up in young adult MJ users and non-using
controls found that MJ users demonstrated reduced longitudinal growth in FA in several
frontal and parietal regions, including the posterior cingulum and the right anterior thalamic
radiation (Becker et al., 2015). Together, these studies suggested that MJ may contribute to
disruptions of white matter fiber tracts. However, little is known about how MJ use affects
white matter pathways in those with comorbid psychiatric conditions such as PTSD. In this
study, our intention was to investigate white matter tracts of participants with PTSD with
and without MJ use, in order to determine whether MJ use is associated with white matter
changes in this group.

No studies to date to our knowledge have assessed the impact of MJ exposure on the
integrity of white matter tracts in those with PTSD. As both PTSD and MJ exposure have
been shown to be associated with increases in white matter integrity, those with both PTSD
and MJ use may show more severe increases in FA. On the other hand, though evidence is
mostly limited to anecdotal experiences, case reports, and observational studies (Shishko et
al., 2018), if MJ does indeed reduce core symptoms of PTSD, it is possible that MJ could
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ameliorate abnormalities in FA in those with PTSD. Here we aimed to evaluate the impact of
PTSD, MJ exposure, and their combination on white matter integrity in the cingulum and
ATR using a 2x2 factorial design, investigating the following four groups; those with PTSD
who used MJ at least weekly (PTSD+MJ), those with PTSD with no regular MJ use (PTSD),
trauma-exposed controls without PTSD who used MJ (TEC+MJ) and trauma-exposed
controls with no PTSD or MJ use (TEC). We hypothesized independent effects of MJ use
and PTSD on white matter integrity in these white matter tracts involved in emotion
regulation. Specifically, we hypothesized that (1) increased FA in the cingulum and the
anterior thalamic radiations would be associated with PTSD, and (2) this effect would be
additive in those with MJ use.

2. Methods

2.1. Participants

All participants gave written informed consent and were compensated for their participation
in the study. This study was approved by the Partners Human Research Committee
Institutional Review Board.

Seventy-two adults, aged 18-58 who had experienced a traumatic event were enrolled.
Participants were recruited using local advertising. Exclusion criteria included unstable
major medical illness, current or past psychotic disorder, active substance use disorder other
than cannabis use disorder, clinically significant head injury or traumatic brain injury, or
contraindications to MRI scanning. A urine drug screen was performed for THC,
amphetamines, cocaine, barbiturates, methamphetamines, benzodiazepines, opiates,
phencyclidine, oxycodone, and methadone. A positive result was not exclusionary; however,
any participant with a positive screen on the day of the scan for any drug other than THC
was rescheduled.

2.2. Assessments

The following assessments were administered during a screening visit:

PTSD Checklist for DSM-5—(PCL-5; (Blevins et al., 2015) (American Psychiatric
Association, 2013). The PCL is a 20-item self-report measure that assesses past-month
DSM-5 symptoms of PTSD. This questionnaire includes a life event checklist (LEC), which
is a self-report measure that assesses exposure to 16 potentially traumatic events in a
respondent’s lifetime. We used Criterion A, the diagnostic criteria for PTSD, to determine
what constitutes a “traumatic event.” The PCL also assesses severity of PTSD symptoms,
from “not at all” (0), “a little bit” (1), “moderately” (2), “quite a bit” (3), and “extremely”
(4). Total scores range from 0-80.

Timeline follow-back interview—(TLFB; (Sobell et al., 1996)). The TLFB was used to
assess MJ and alcohol use in the past 90 days.

Group Assignment—~Participants were divided into four subgroups; those with trauma
and PTSD who used MJ regularly (PTSD+MJ; n= 20), those with trauma and PTSD with no
regular MJ use (PTSD; n=19), trauma-exposed controls without PTSD who used MJ at
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least weekly (TEC+MJ; n=14) and trauma-exposed controls with no PTSD or MJ use
(TEC; n=19). Participants were categorized based on responses to the PCL and the TLFB.
The PTSD and PTSD+MJ participants had PCL severity scores greater than 30, indicative of
likely PTSD, while the TEC participants were required to have PCL scores under 20
(Weathers, 2013). The MJ groups (TEC+MJ and PTSD+MJ), also reported current MJ use
of greater than 3 times per week on average on the TLFB, and more than 100 lifetime MJ
occasions. PTSD and TEC participants reported MJ use of less than once a month, and less
than 50 lifetime occasions. PCL scores were matched between PTSD+MJ and PTSD groups
(see Fig 1).

All enrolled participants participated in a neuroimaging session on a separate day.
Participants were asked to refrain from using substances on the day of the study.

MRI acquisition

Neuroimaging data was acquired on a 3T Skyra Trio Siemens scanner using a 32-channel
head coil at the Martinos Center for Biomedical Imaging. Scans were acquired using
parameters based on the Human Connectome Project (HCP). A whole-brain T1-weighted
structural scan was acquired using the following parameters: TA = 7:38min, voxel size =
0.7x0.7x0.7mm3, GRAPPA acceleration factor 2, A-P phase encoding, 256 slices, 224mm
FOV read, slice thickness=0.70mm, TR= 2400ms, TE=2.02ms, TI=1000ms, echo spacing
7.6ms, bandwidth = 270 Hz/Px. A 3D multi-echo T2 SPACE sequence (160 axial slices, 256
mm FOV, TR = 4880 ms, 2x GRAPPA acceleration, TE = 2.64/4.7/6.32/8.65 msec, BW 320
Hz/px, Tacq = 8.23 min) was also acquired. Diffusion weighted images were acquired using
single spin echo EPI with 10 non-diffusion weighted (b = 0 ss/mm?) images, and one non-
zero b-values (700 ss/mm2) each with 60 directions; TR/TE = 3000 ms/66 ms, 2.0 mm?3
isotropic resolution, 256 mm FOV, total scan time = 3:24 min:sec; echo spacing is 0.78ms,
readout bandwidth is 1490 Hz/px; the total echo train length (ETL) is 84.42ms.

A top up scan for diffusion tensor images was acquired to reduce field distortion due to EPI
sequences. All raw and processed data was visually inspected and determined to be of good-
to-excellent quality.

2.4. DTl analysis

Diffusion tensor data were processed to delineate major white matter pathway using Tracts
Constrained by Underlying Anatomy (TRACULA) toolbox (Yendiki et al., 2011), which
uses global probabilistic tractography based on known white matter anatomy acquired from
brain parcellation toolbox in each subject. We performed TRACULA by automated
streamlines in the Freesurfer (Dale et al., 1999; Fischl et al., 2001) software (version: 6.0)
that contains two parts: 1) parcellation on high-resolution T1 and T2 weighted images using
automatic segmentation function; and 2) tractography on 60 directions diffusion-weighted
images using TRACULA toolbox in the Freesurfer. The T1 weighted image was first
parcellated into 34 cortical regions based on Deskikan/Killiany atlas (Desikan et al., 2006).
The T2 weighted image was used to improve segmentation accuracy with better subcortical
contrasts (Wisse et al., 2014). Diffusion tensor images were then input into TRACULA to
estimate the probability of diffusion property using “ball and stick model” (Behrens et al.,
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2003) with given prior knowledge of white matter segmentation from the first step. Our a
prioritract of interest was the cingulum—cingulate gyrus bundle (CCG); however,
exploratory analyses also examined the other pathways derived from TRACULA: corpus
callosum-forceps major (fmajor), corpus callosum—forceps minor (fminor), and bilateral
parts of following track: superior longitudinal fasciculus-parietal terminations (SLFP),
superior longitudinal fasciculus-temporal terminations (SLFT), inferior longitudinal
fasciculus (ILF), uncinate fasciculus (UNC), anterior thalamic radiation (ATR), cingulum-—
angular bundle (CAB), and corticospinal tract (CST).

For quality assessment, four measures of head movement were calculated from the DWI and
the output of the prior eddy-current correction procedures (average translation (unit: mm),
average rotation (unit: mm), percent “bad” slices (%), and percent dropout score (%). Any
participant with > 1.5 mm of moment (translation or rotation), or with >2% of bad slices or
dropout was excluded. There was no significant difference in motion between groups (all p’s
> 0.10), and no participants were excluded due to excessive motion.

2.5. Statistical analysis

After the TRACULA processing, white matter pathways were reconstructed, and mean value
of fractional anisotropy (FA) and tract length at each point were computed to allow group
comparison of diffusivity measurements voxel by voxel. We selected FA as our primary
proxy of white matter integrity. Other measures (radial diffusivity, mean diffusivity and
axonal diffusivity) are reported in Supplementary Table 1.

Voxel-wise analyses—The FA along tracts were extracted (as described in https://
surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/TraculaStatistics) from each subject for
further statistical analyses. For each point, group effects were estimated using analysis of
covariance (ANCOVA), with MJ use and PTSD conditions as independent variables, and
motion factors (translation and rotation) as covariates. All tests were carried out at a two-
sided significance level a of 5%. All analyses were evaluated according to FSL’s
Permutation Analysis of Linear models (PALM) (Winkler et al., 2016), with 5000
permutations. Though we primarily investigated the cingulum and the anterior thalamic
radiation, exploratory analyses were conducted assessing differences among groups for other
tracts (Corticospinal tract, cingulum angular bundle, inferior longitudinal fasciculus,
uncinate fasciculus, corpus callosum, forceps major, forceps minor, and superior
longitudinal fasciculus).

ROI analyses—For tracts that showed significant PALM-corrected group differences,
values were extracted and averaged to a single value per ROI for each subject. Next, we ran
two-way ANOVA models with PTSD (NO- PTSD [TEC, TEC+MJ] vs. PTSD [PTSD, PTSD+MJ])
and MJ use (Non-users [tec, ptspj VS- MJ USers [Tec+my, pTsp+mJ)) @S group factors and
their interaction as independent variables. These were followed by Sidak’s multiple
comparisons tests, with corrected p-values for pairwise tests. Linear regressions, covarying
for motion, were conducted to assess relationships between FA and PCL scores. To control
for within-subject dependencies between hemispheres, measures for the left hemisphere
were regressed onto the right, and the resulting residuals were extracted and converted into
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z-scores. These scores represent the unique variance not shared between hemispheres. Then,
correlations between PCL symptom severity scores and the decorrelated measures were
computed. All statistical tests were performed using R, version 3.5.1 (R Foundation for
Statistical Computing, Vienna Austria). To adjust for multiple comparisons, we used the
false discovery rate adjustment by Benjamini and Hochberg (Benjamini and Hochberg,
1995).

3. Results

3.1.

Demographics

The PTSD+MJ, PTSD, TEC+MJ, and TEC groups did not significantly differ in age, gender,
race, 1Q, or years of education (Table 1). The average age of onset of MJ use was 19.5 years
(SD = 5.6) for PTSD+MJ and 20.1 years (SD = 6.8) for TEC+MJ. PTSD+MJ used cannabis
more frequently than TEC+MJ group (p = 0.003) and reported higher CUDIT scores (p=
0.004). There were no significant group differences in average weekly alcohol consumption
or AUDIT scores. In both the PTSD+MJ and the PTSD groups, 37 of 39 participants met
DSM-5 criteria for a current PTSD diagnosis. All four groups were matched on age of
trauma and years since trauma occurred; as childhood trauma was not exclusionary,
approximately 30% of participants in each group experienced trauma before the age of 18
(age range = 0.5 years — 30 years).

3.2. Voxelwise Analyses

Voxelwise analyses indicated significant group differences (p < 0.05 corrected) in FA values
in the bilateral dorsal cingulum (cluster size = 25% on the right, 6% for the left) and in the
bilateral anterior thalamic radiation (cluster size = 19% on the right, 18% on the left). There
were no significant group differences in any other tracts evaluated in exploratory analyses
(superior longitudinal fasciculus-parietal terminations, superior longitudinal fasciculus-
temporal terminations, inferior longitudinal fasciculus, uncinate fasciculus, and cingulum—
angular bundle).

3.3. PTSD Effect

There was a main effect of PTSD in FA in the right anterior thalamic radiation (F(y g5) = 6.7;
p=0.02), with PTSD participants showing higher FA than TEC, regardless of MJ use (Fig
2a). A main effect of PTSD was also observed in left dorsal cingulum (F(q 65 = 6; p=0.02)
with PTSD participants showing lower FA than TEC (Fig 2b). There were no significant
interactions between PTSD and MJ in these tracts.

3.4. MJ effect

There was a significant main effect of MJ on FA in the right dorsal cingulum (F(; g5y =
12.24, p<0.001), with MJ showing greater FA than non-MJ using groups, regardless of
PTSD status (Fig 3c). There was also an MJ effect in the right anterior thalamic radiation
(F,e5) = 18.3, p<0.001) (Fig 3a), and the left anterior thalamic radiation (F(1 es5) = 10.05, p
= 0.002) (Fig 3b), with MJ showing reduced FA values than non-MJ using groups,
regardless of PTSD (Table 2). There were no significant interactions between PTSD and MJ
in these tracts.
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3.5. Relationship analysis between FA and PTSD severity

PTSD symptom severity (PCL) scores were positively correlated with FA in the anterior
thalamic radiations (R = 0.37, R2 = 0.13, t = 3.12, p= 0.003) (Fig 4). There was no
correlation between PCL scores and FA in the dorsal cingulum (R = 0.06, R2=0.00, t =
0.51, p=0.615).

4. Discussion

This study provides evidence that PTSD and MJ use are independently associated with
altered FA in the right thalamic radiation and left cingulum, with no significant interactions
between PTSD and MJ detected. PTSD was associated with increased FA in the right
anterior thalamic radiation, while MJ use was associated with decreased FA bilaterally in the
anterior thalamic radiation. Increased FA in the anterior thalamic radiation, but not the
cingulum, was associated with higher PTSD symptom severity ratings. There were no
significant interactions between PTSD and MJ use, thus this study did not find support for
MJ normalization of PTSD-related white matter abnormalities.

4.1. Effect of PTSD on white matter integrity

This finding of a significant PTSD effect on the right anterior thalamic radiation (ATR) is
consistent with previous reports that regions connected by this tract (e.g. the dorsal thalamus
and medial frontal cortex) showed greater cerebral blood flow during traumatic recall as
compared to a condition of simple fear in those with PTSD (Huber et al., 2001), as increased
connectivity in these regions could underlie flashbacks and nightmares. ATR afferent fibers
from thalamic nucleus to the cingulate area and medial cortex are important for memory-
related function (Maddock, 1999). Increased connectivity in the ATR in the PTSD group is
also consistent with recent reports that fronto-thalamic circuitry is preferentially affected in
PTSD (Yin et al., 2011) and in emotional systems underlying reward-seeking and
punishment (Coenen et al., 2012).

We also report a significant PTSD effect in the left dorsal cingulum, with the PTSD group
showing decreased FA compared with the non-PTSD group. Several studies suggest that the
cingulum bundle, which is involved in emotion regulation, may underlie the pathological
fear processing characteristic of PTSD symptomatology (O’Doherty et al., 2018; Sanjuan et
al., 2013). It should be noted that whether increased or decreased connectivity underlie
pathological PTSD symptoms remains unclear, and the current study did not support our
hypothesis that we would observe increased FA in this region. In a meta-analysis of seven
DTI studies in trauma-exposed adults, authors identified significant FA decreases in nine
clusters and FA increases in six clusters in the trauma-exposed groups, with the largest
identified cluster pertained to an FA decrease in the right cingulum, and with further
increases and decreases identified bilaterally in different sections of the cingulum (Daniels et
al., 2013). It is also possible that, as hypothesized by Daniels et al., age of trauma exposure
could impact the direction of white matter change with PTSD, with perhaps greater
decreases occurring if the trauma occurred during childhood or adolescence, and increases
occurring during adulthood as a consequence of PTSD. In the current study, trauma
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exposure occurred across the lifespan, which may partly explain why we observed overall
decreases in FA.

Effect of MJ on white matter integrity

Regular (at least weekly) MJ use was associated with lower FA in the anterior thalamic
radiation and higher FA in the dorsal cingulum, with no interactions between MJ use and
PTSD. Though there are few studies of MJ exposure on white matter integrity, altered white
matter in the arcuate fasciculus (Ashtari et al., 2009), right fimbria of the hippocampus
(fornix), and splenium of the corpus callosum and commissural fibers (Zalesky et al., 2012)
has been reported in MJ users. A recent DTI study showed significant increases in FA in the
corpus callosum in MJ users compared to controls (Mandelbaum and de la Monte, 2017). It
should also be noted that the direction of change, like in the PTSD literature, is unclear; one
study found that early MJ onset was associated with lower FA (Gruber et al., 2014), and one
of the few longitudinal studies of DTI and MJ use found that more MJ use was correlated
with reduced longitudinal growth in FA in the superior longitudinal fasciculus and the
corticospinal tract (Becker et al., 2015). These inconsistencies in the literature underscore
the importance of evaluating groups that are well-matched on MJ use parameters.

4.3 Limitations

Although we attempted to match MJ use between the TEC+MJ and PTSD+MJ groups, the
PTSD+MJ group used significantly greater amounts of MJ, and not surprisingly, had higher
CUDIT scores. Therefore, the MJ effects on WM detected in this study could have been
largely driven by the PTSD+MJ group. Future studies could recruit trauma-exposed, non-
PTSD participants with greater frequency of use of MJ to better disentangle this (though it
should be noted that all MJ participants were fairly heavy users, e.g. using, on average, at
least 3 times per week). Additionally, the small sample size in each group, especially of
males, limits our ability to examine interactions between WM integrity and other factors
such as sex, age of trauma, or type of trauma. We also recruited participants with a mix of
childhood and adult-onset trauma, obscuring our ability to determine whether the FA
decreases are associated with specific timing of trauma. Further, though most participants
began MJ initiation after the trauma had occurred, a sizable minority (about 30%) has
already initiated MJ use before their traumatic event. Therefore, we are limited in our ability
to draw conclusions about whether MJ was a causal factor in any associations that we
observed between FA and MJ use in those with PTSD. Finally, because this study is cross-
sectional, we cannot determine whether FA alterations associated with either PTSD or MJ
use predated these disorders; longitudinal studies are needed to better understand the
relationship between PTSD, MJ, and white matter structure. Future longitudinal studies are
also needed to more precisely map the time course of white matter changes in those with
PTSD and/or MJ use, to more explicitly discover whether MJ use changes white matter
integrity in those with PTSD.

5. Conclusion:

The current study demonstrates that PTSD and MJ use are independently associated with
altered FA in the right thalamic radiation and left cingulum. No interactions between PTSD
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and MJ were detected, indicating that MJ use in those with PTSD neither significantly
ameliorates nor worsens white matter abnormalities detected in PTSD. Future studies are
needed to determine whether MJ use normalizes (or worsens) any other neurobiological
markers of PTSD. However, this study does not provide evidence that MJ use normalizes
PTSD-associated white matter abnormalities. Therefore, the risks and benefits of medical
MJ use should be carefully weighed in light of available evidence suggesting that whole
plant marijuana may increase the risk for psychosis and substance use disorders (Filbey et
al., 2014). Thus, there is an urgent need to better understand associations between MJ use
and PTSD, and to understand how MJ use in various psychiatric populations may affect
brain structure and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
PCL-5 score of PTSD and PTSD+MJ groups.
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PTSD effect

(a) Right Anterior Thalamic Radiata (ATR) (b) Left Dorsal Cingulum (CCG)
0.7 0.7
A Fi65= 6.7 o Fi65= 6.0

A p=0.02 A " ol p=0.02

0.6 _z_ o {_ -3— 0.6- A N
X o054 4 % 4 g 0.5 AI_
A
o o
0.4- A PTSD 0.4+ A PTSD
o TEC o TEC
0.3 : . 0.3 r T
MJ nonMJ MJ nonMJ
Figure 2.

Voxel-wise analysis of PTSD effect. Yellow indicates the fiber skeleton created by the center
of fiber tracts derived from TRACULA. Red indicates significant differences at p < 0.05
(corrected). PTSD was associated with higher FA compared to TEC in right anterior
thalamic radiation (ATR) and lower FA compared to TEC in left dorsal cingulum (CCG).
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MJ effect
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Figure 3.
Voxel-wise analysis of MJ effect. MJ was associated with lower FA in bilateral anterior

thalamic radiation (ATR) and higher FA in right dorsal cingulum (CCG). * indicates a
significant difference between groups. Yellow indicates the fiber skeleton created by the
center of fiber tracts derived from TRACULA. Red indicates significant differences at p <
0.05 (corrected).
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Correlation of FA in Anterior Thalamic
Radiation with PCL
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Figure 4.
PCL scores were positively associated with FA in the anterior thalamic radiations (R = 0.37,

R2=0.13,t=3.12, p= 0.003).
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Baseline Participant Characteristics

Table 1.

Participant Group

TEC (n=19) PTSD (n=19) PTSD+MJ(n=20) TEC+MJ(n=14) p-value

Demographics
Age 28.6 (6.1) 27.7 (9.5) 28.9 (6.7) 35.6 (12.6) 0.06
Sex (% Male, n) 15.8%, 3 5.3%, 1 15.0%, 3 21.4%, 3 0.59
Race (%, n) 0.13

White 63.2%, 12 73.7%, 14 80.0%, 16 71.4%, 10

Black 10.5%, 2 21.1%, 4 15.0%, 3 14.3%, 2

Other 26.3%, 5 5.3%, 1 5.0%, 1 14.3%, 2
Ethnicity (% Hispanic, n) 10.5%, 2 0.0%, 0 10.0%, 2 7.1%, 1 0.91
Years of Education 16.5(1.7) 16.0 (2.0) 15.3(1.6) 17.5 (4.0) 0.06
WTAR Standard Score 115.3 (8.7) 116.8 (8.2) 116.3 (8.2) 118.6 (8.4) 0.74
Cannabis Use Characteristics
Age of Initiation - - 19.5 (5.6) 20.1(6.8) 0.94
Frequency of Use (Days per Week) - -- 5.9 (1.3) 3.7(2.1) 0.001
Frequency of Use (Times per Day) - - 1.7 (0.8) 1.3(0.5) 0.08
Frequency of Use (Times per Week) - - 10.8 (6.4) 4.8(3.4) 0.003
CUDIT 0.6 (1.2) 0.8 (1.6) 12.1 (5.6) 7.1(2.5) 0.004
Alcohol Use Characteristics
Frequency of Use (Times per Week) 1.2(11) 1.1(1.6) 15(1.4) 1.9 (1.9) 0.53
AUDIT 3.1(1.8) 4.4(3.3) 6.1 (4.5) 4.2 (2.6) 0.19
Psychiatric Characteristics
Age of Trauma 19.5 (8.7) 16.5 (6.7) 16.8 (8.9) 14.6 (10.2) 0.43
Years Since Trauma Ended 9.1(8.4) 11.2 (12.9) 12.6 (13.1) 16.2 (13.7) 0.46
PCL-5 Total 8.0 (4.8) 43.8 (12.8) 49.9 (13.7) 6.8 (65)° 0.86

Note. All values are means and standard deviations at screening unless otherwise noted. For cannabis use characteristics, p-values from
comparisons between the TEC+MJ and PTSD+MJ groups only. For PCL-5 total, p-values come from comparisons between the PTSD and PTSD

+MJ groups only.

§PCL scores are missing for 3 TEC+MJ participants

Abbreviations: AUDIT, Alcohol Use Disorders Identification Test; CUDIT, Cannabis Use Disorder Identification Test; PCL-5, PTSD Checklist for

DSM-5; PTSD, Post-Traumatic Stress Disorder; WTAR, Wechsler Test of Adult Reading.
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Table 2.

Anatomical Locations of Between-Group Differences (p < 0.05 corrected) in FA between PTSD, PTSD+MJ,
TEC and TEC+MJ Participants

Fiber Tract Tract length (%) Direction MNI Coordinates
PTSD - TEC
Left Dorsal Cingulum 6% \ -8,-2,-34
Right Anterior Thalamic Radiata 10% 1 18, 3, 12
MJ - NON-MJ
Right Dorsal Cingulum 25% 1t 7,3,32
Right Anterior Thalamic Radliata 19% ! 19,7, 12
Left Anterior Thalamic Radiata 18% \ -18, 4,12
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