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Abstract

Introduction—There are limited data regarding the impact of marijuana (MJ) on cortical
development during adolescence. Adolescence is a period of substantial brain maturation and
cortical thickness abnormalities may be indicative of disruptions of normal cortical development.
This investigation applied cortical-surface based techniques to compare cortical thickness
measures in MJ using adolescents compared to non-using controls.

Methods—Eighteen adolescents with heavy MJ use and 18 non-using controls similar in age
received MRI scans using a 3T Siemens scanner. Cortical reconstruction and volumetric
segmentation was performed with FreeSurfer. Group differences in cortical thickness were
assessed using statistical difference maps covarying for age and gender.

Results—Compared to non-users, MJ users had decreased cortical thickness in right caudal
middle frontal, bilateral insula and bilateral superior frontal corticies. Marijuana users had
increased cortical thickness in the bilateral lingual, right superior temporal, right inferior parietal
and left paracentral regions. In the MJ users, negative correlations were found between frontal and
lingual regions for urinary cannabinoid levels and between age of onset of use and the right
superior frontal gyrus.

Conclusion—This is one of the first studies to evaluate cortical thickness in a group of
adolescents with heavy MJ use compared to non-users. Our findings are consistent with prior
studies that documented abnormalities in prefrontal and insular regions. Our results suggest that
age of regular use may be associated with altered prefrontal cortical gray matter development in
adolescents. Furthermore, reduced insular cortical thickness may be a biological marker for
increased risk of substance dependence.
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1. INTRODUCTION

There has been a sharp resurgence in adolescent substance abuse since the early 1990’s
[1,2]. Although the effects of illicit drugs on brain structure and function have not been fully
characterized, recent findings suggest negative neurobiological consequences of adolescent
and young adult substance abuse, including changes in white matter, irregularities in
cerebral electrophysiological functioning, and disruptions of homeostatic levels of
neurotransmitters and brain metabolites [3—11]. Adolescent brains may be particularly
vulnerable to the neurophysiologic effects of illicit substances, as adolescence is a critical
period for brain maturation, including synaptic pruning of gray matter [12-15]. Adolescence
is also a critical developmental period during which higher cortical functions, such as
decision-making, are still developing; thereby rendering adolescence a period of increased
vulnerability to substance abuse and rapid drug use escalation [16-20].

At this time, little is known about the impact of marijuana (MJ) use on cortical gray matter
development in adolescents. Further, structural imaging studies of adults assessing the
impact of MJ use on brain morphometry have produced conflicting results. Some studies
have identified no significant anatomical changes associated with MJ use [21-24], while
others report findings of cerebral atrophy [25], and decreased concavity of the sulci and
thinner sulci in the right frontal lobe [26] in MJ users. One study of adult subjects reported
that individuals who started using MJ before age 17 had smaller whole brain volumes, a
smaller percentage of cortical gray matter volume and a larger percentage of white matter
volume than non-users [27], suggesting earlier age of onset of MJ use may be associated
with greater structural brain changes.

Functional magnetic resonance imaging (fMRI) studies in adult MJ users have reported
altered activation in prefrontal and insular regions in MJ abusers performing cognitive tasks
such as attention [28-31], working memory [32-34], inhibitory control [17,19,35,36] and
decision making [16] during acute MJ use, chronic MJ use and abstinence [37]. For
example, Kanayama utilized a spatial working memory task to examine brain activity in
long-term heavy MJ users and found increased activation in brain regions typically used for
spatial working memory tasks such as prefrontal cortex and anterior cingulate compared to
non-users [32]. Bolla and colleagues utilized the lowa Gambling Task, a decision-making
task, to evaluate differences in activation patterns in 25-day abstinent MJ users compared to
non-users and found dose-related alterations in performance and differences in brain activity
between groups in prefrontal regions such as the orbitofrontal cortex (OFC) and the
dorsolateral prefrontal cortex (DLPFC) compared to nonusers [16]. Furthermore, Hester and
colleagues reported that active chronic MJ users showed a diminished capacity for
monitoring their behavior that was associated with hypoactivity in the anterior cingulate
(ACC) and right insula compared to non-users on a Go/No-go response inhibition task [19].
Increased levels of hypoactivity in both the ACC and right insula regions were significantly
correlated with error-awareness rates in the MJ group [19]. Moreover, numerous functional
imaging studies have found both prefrontal and insular activation during conscious drug
urges [38-42]. In a study of heavy cigarette smokers a positive correlation was found
between intensity of craving and glucose metabolism in the anterior insula bilaterally,
DLPFC, and OFC [38]. In an investigation of cocaine related cravings in cocaine dependent
participants, increased activation was found in the left insula and ACC when comparing
drug use imagery to neutral imagery [39]. In a study of college students at high-risk for
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alcohol abuse, both alcohol and drug cues produced greater brain activation in the right
insula compared to neutral cues [41]. Finally, in an investigation of thirty-eight regular MJ
users who were abstinent from use for 72 hours, structures in the reward pathway, including
the insula and ACC, demonstrated greater activation in response to a MJ cue as compared
with a neutral cue [40]. These findings indicate changes in functionality are present in
prefrontal and insular regions in substance abusers. Taken together, prefrontal and insular
dysfunction may underlie the abnormal inhibitory control, decision-making and increased
cravings that leads to both the initiation and maintenance of aberrant drug use patterns [42—
45].

Altered cortical thickness may be indicative of atypical cortical development or disruptions
of normative cortical maturation. Previous investigations that have utilized methods to
analyze cortical thickness have reported abnormalities in neurodevelopmental disorders such
as in Attention-Deficit/Hyperactivity Disorder (ADHD) [46—-48] autism spectrum disorder
[49], first-episode schizophrenia and in individuals at genetic risk for schizophrenia [50,51].
Furthermore, recent investigators have applied cortical thickness-based techniques to the
study of changes in cortical gray matter from exposure to substances of abuse such as
methamphetamine, alcohol, nicotine and MJ [51-54]. For example, in one study, exposure
to MJ was associated with cerebral cortical thinning in frontal and parahippocampal region
in individuals at moderate to high genetic risk for schizophrenia compared to those at low
genetic risk [51]. Therefore, the current investigation used cortical-surface based techniques
to compare cortical thickness measures in MJ using adolescents and non-users. Based on
previously reported structural and functional imaging studies in adults, we hypothesized that
there would be reduced cortical thickness in regions of the prefrontal cortex and insula.
Furthermore, because there is growing evidence that age of onset of MJ use is a critical
variable in understanding the effects of MJ on structural and neurocognitive impairments
[27], we predicted that age of onset would be associated with reduced cortical thickness in
both prefrontal and insular regions.

2. MATERIAL and METHODS

2.1 Subjects

The Institutional Review Board at the University of Utah approved this study. All subjects
were recruited from the community via local advertisements. Inclusion criteria for all
subjects in this analysis were: age 16—19 years old. Inclusion criteria for MJ users included a
self-report of heavy MJ use with at least 100 minimum smokes in the previous year. Healthy
controls had no DSM-1V Axis | diagnosis based on structured and clinical interviews.
Healthy controls had no first-degree family history of bipolar disorder, ADHD, psychosis or
any other psychiatric family history. Family history was obtained by clinical interview with
participants and/or parents. Exclusion criteria for all subjects included: major sensorimotor
handicaps (e.g., deafness, blindness, paralysis); estimated 1Q <70 (based on measures of
verbal fluency [55] and academic histories) or history of learning disabilities; history of
claustrophobia, autism, schizophrenia, anorexia nervosa or bulimia, other drug or alcohol
dependence/abuse (during 2 months prior to scan or total past history =12 months), active
medical or neurological disease, history of ECT; metal fragments or implants; and current
pregnancy or lactation. All subjects provided written assent, and their parents (or legal
guardians) provided written informed consent for their adolescent’s participation. All
adolescents, including non-users, underwent a clinical and diagnostic semi-structured
interview by either a board-certified child psychiatrist (MLL) or a trained clinical
psychologist (EM). Adolescents under the age of 18 were administered the Kiddie Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime
Episode (K-SADS-PL) [56] with additional mood onset and offset items derived from the
WASH-U K-SADS (K-SADS-PL-W) [57]. The K-SADS-PL is a semi-structured interview
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used to assess psychiatric disorders in children and adolescents. Since this instrument
consists of the K-SADS-PL with supplemental items based on the WASH-U-KADS, we will
refer to this instrument as the K-SADS-PL-W. The K-SADS-PL-W was administered to
participants under the age of 18. For participants 18 and older, the Structured Clinical
Interview for DSM-IV Patient Version (SCID-I/P) [58] was used with the ADHD module
from the K-SADS-PL-W. All diagnoses were confirmed via consensus (DYT, MLL, EM).
Measures of current psychopathology were obtained using the Profile of Mood States
(POMYS), [59], the State-Trait Anxiety Inventory (STAI) [60], Hamilton Depression Rating
Scale (HAM-D) [61] and the Hamilton Anxiety Scale (HAMA) [62]. The DSM-IV-TR
Global Assessment of Functioning (GAF) [63] was used to assess global functioning using a
scale from 1 (worst) to 100 (best). All participants underwent a drug screen immediately
prior to MRI scanning. Urine samples were subsequently analyzed to obtain urinary
cannabinoid levels. In addition, information regarding age of first MJ use, age of regular
use, and frequency of MJ use was obtained from all participants via interview and self-
report. Total lifetime smoking events was calculated by averaging the number of smoking
events per week multiplied by duration of use.

2.2 Magnetic Resonance Imaging

Structural imaging was performed at the Utah Center for Advanced Imaging Research
(UCAIR) using a 3T Siemens Trio scanner. Structural acquisitions include a T1-weighted
3D MPRAGE grappa sequence acquired sagittally, with TE/TR/T1=3.38ms/2.0s/1.1s, 8°
flip, 256x256 acquisition matrix, 256 mm2 FOV, 160 slices, 1.0 mm slice thickness. The
original imaging data were transferred from the scanner in the DICOM format and
anonimized.

On first subject specific level analysis, each of the subjects’ cortical thickness was estimated
within the FreeSurfer image analysis environment (http://surfer.nmr.mgh.harvard.edu/) [64—
66]. First the high resolution T1 MPRAGE volumes were converted to FreeSurfer’s specific
format, normalized for intensity and resampled to isotropic voxels of 1 x 1 x 1 mm. Next,
the skull was removed from the images using a skull-stripping algorithm [67] and segmented
into tissue types. The segmented white matter (WM) volume was used to derive a tessellated
surface representing the gray—white boundary. The surface was automatically corrected for
topology defects, and expanded to model the pial-gray boundary to produce a second, linked
mesh surface. The distance between the gray—white matter boundary and the pial mesh was
used to estimate cortical thickness. Individual subject’s cortical thickness were normalized
to the spherical-space standard curvature template with a number of deformable procedures
including surface inflation and spherical registration that utilized individual cortical folding
patterns to match cortical geometry across subjects. The cortex was partitioned using an
automated Bayesian segmentation procedure designed to replicate the neuroanatomical
parcellation defined by Desikan and colleagues to produce gyral and sulcal cortical
thickness measures [68].

The second group specific analysis was done with general linear model (GLM) fit for each
vertex, regressing out both age and gender as covariates, in order to test group-wise
differences in cortical thickness between MJ adolescent users and non-users. Before GLM
fitting, normalized cortical thickness measures were smoothed using a full width half
maximum (FWHM) Gaussian kernel of 10 mm, and compared with results for 5 mm, 15
mm, 20 mm, and 25 mm. Group difference z-stat maps were corrected for multiple
comparisons across vertices using Gaussian-simulation non-parametric inference testing
[69]. Results were considered significant at CWP (cluster wise probability) < 0.001 (10000
simulations, initial cluster-forming threshold at p-uncorrected = 0.05), fully corrected for
multiple comparisons.
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Each processing step was verified through: a) visual verification of segmentation and label
outputs; (b) visual verification of alignment by (i) back-projection of average template sulcal
ROlIs to individual subject T images and (ii) back-projection of a smaller region of interest
(ROI) of significant group difference in the post-central region from the average template to
individual subject T1 images; (c) searching for patient outliers in regional cortical thickness
measures; and (d) spherical visualization of curvature after alignment.

In order to confirm our findings obtained by the whole-brain clusterwise analysis, we
performed a ROI analysis on the cortical thickness measures extracted from the parcellation
files constructed from the ‘Destrieux’ cortical atlas [68]. This parcellation scheme (divided
the cortex into gyral and sulcal regions) resulted in 156 average cortical thickness measures
for both hemispheres. In the present study, it was possible that our 2 samples had unequal
variances so we utilized the Welch’s two-sample t-test approach with the number of degrees
of freedom (df) estimated with the Satterthwaite’s approximation (shown in 2nd column of
table 3). We then identified the 15 most “different” ROIs as measured by p-value (0.05).

Univariate analyses were performed for total segmented brain volume (TBV), which
included ventricles and the cerebellum, controlling for age and gender. Mean cortical
thickness values for significant clusters were obtained by creating a ROl around each
significant cluster on the statistical map of group differences. Next, each ROI was then
mapped onto the analyzed image from each participant in the study and mean cortical
thickness measures were extracted. Spearman’s correlations were performed between mean
cortical thickness and clinical variables (age, age of regular use, life-time smoking events,
and cannabinoid urinary level at time of scanning) for each cluster that differed significantly
between diagnostic groups for the clusterwise whole brain analysis.

3. RESULTS

We acquired data from eighteen adolescents (aged 17.8 £ 1.0 years; females: n=2), with
heavy MJ use and eighteen non-users similar in age (17.3 £ 0.8 years; females n=6). Verbal
fluency was found to be significantly larger (F=5.5, p=0.03) in the MJ group (45.8 £ 9.6)
compared to nonusers (37.5 + 8.7), after covarying for age. All participants were currently
enrolled in either high school or college, or had recently graduated high school with plans to
attend college in the next 3 months. All participants acknowledged average to above average
success in academic achievement. Demographic and clinical characteristics of the groups are
shown in Table 1. One MJ subject had a past history of a major depressive episode and was
on citalopram, and a second MJ subject had a history of heavy alcohol use lasting less than
one year. Three MJ users (16%) also endorsed using alcohol more than once a week, but did
not meet criteria for either abuse or dependence. No other MJ subjects had any psychiatric
history, used psychotropic medications or had a history of other substance use disorders.
Mean age of regular MJ use was 15.7, the average frequency of MJ use was 10.4 * 8 times/
week and the total lifetime smokes was 1346.4 + 1371.6 (median = 1106, standard error =
323.3, range = 158-5250). The average cannabinoid urine level obtained on the day of MRI
scanning was 454.6 + 351.7 ng/mL.

3.1 Comparisons of Brain Morphometry

There was no significant difference in total whole brain segmented volume between MJ
users (1385.72 + 103.6 cm3) and non-users (1309.07 + 103.4 cm3). On clusterwise whole
brain analysis, MJ users had decreased cortical thickness in the right caudal middle frontal
region, bilateral superior frontal cortex and bilateral insula compared to non-users.
Marijuana users had increased cortical thickness in the bilateral lingual, right superior
temporal, right inferior and superior parietal and left paracentral regions compared to non-
users (See Table 2 for data regarding the clusterwise analysis and Figure 1 showing clusters
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that were significantly different between groups). In order to verify our findings, thickness
measures were extracted from the 156 parcellated brain regions and statistical analyses were
performed to determine which 15 brain regions most differentiated between the two groups.
We confirmed our results from the whole brain findings for the left central insula (p=0.02).
The right calcarine thickness (p=0.01) and left superior-lateral temporal gyral thickness
(p=0.04) were also found to significantly distinguish between the two groups (See Table 3).

3.2 Correlations

Mean cortical thickness measures for each individual were extracted from each cluster that
was significantly different between groups on whole brain analysis. Spearman’s correlations
were performed between the clinical correlates and mean cortical thickness measures for the
MJ group. Negative correlations were found between age of regular use and the right
superior frontal cortical thickness (r= —0.72, p=0.001). (See Figure 2 for an illustration of
the negative correlation of the right superior frontal region and age of regular use). For
urinary cannabinoid levels, negative correlations were also found in the right caudal middle
frontal (r= —0.63, p=0.01), right lingual (r= —0.63, p=0.01) and left superior frontal gyrus
(r=—0.50, p=0.04). Age was not significantly correlated with cortical thickness measures
obtained from the significant clusters. Spearman correlations were performed for verbal
fluency and significant cortical thickness measures. No significant correlation was found for
verbal fluency and any cortical thickness measure in the cannabis group.

4. DISCUSSION

This is one of the first studies to evaluate cortical thickness in a group of adolescents with
heavy MJ use compared to non-users. Compared to non-users, MJ users had reduced cortical
thickness in the right caudal middle frontal, bilateral superior frontal cortex and bilateral
insula. In addition, MJ users had increased cortical thickness in the bilateral lingual, right
superior temporal, right parietal and left paracentral regions compared to non-users. A
subsequent ROI analysis provided further evidence that insular thickness was significantly
different between groups. Negative correlations were found between age of onset of regular
use and the right superior frontal gyrus. Negative correlations were also found in the right
caudal middle frontal, right lingual gyrus and left superior frontal regions for urinary
cannabinoid levels.

Although we did not detect significant differences in total segmented brain volumes, our
findings are consistent with prior morphometric studies in adult MJ users that have
documented cortical alterations [25-27]. For instance, in a study by Wilson and colleagues,
subjects whose onset of MJ use was before age 17 were found to have smaller whole brain
volumes, smaller percent cortical gray matter and larger percent white matter volumes
compared to participants who began using MJ after age 17 [27]. In addition, Campbell and
colleagues noted cerebral atrophy in adult MJ users measured with air encephalography
[25]. Although Mata and colleagues did not find differences in cortical thickness in MJ users
compared to non-users, they did find bilaterally decreased concavity of the sulci and thinner
sulci in the right frontal lobe in MJ users [26]. In this previous study, healthy controls were
also noted to have decreasing gyrification and decreasing cortical thickness with age, which
was not noted in MJ users [26]. The authors suggested these findings point to a premature
alteration in cortical gyrification in MJ users [26]. The lack of cortical thickness differences
between groups in the study by Mata and colleagues as compared to the current study may
be related to image resolution associated with scanner strength (3T versus 1.5T), slice
thickness (1.0 mm versus 1.5) and methodological differences (whole brain analysis versus
lobar level analysis), and the average participant’s age and age range (mean age = 25.7 £ 5.0
versus 17.8 + 1.0). Additional differences between the two study samples such as frequency
of use (26.6x/wk versus 10.4x/week), age of onset of regular use (17.3 versus 15.7), and
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rates of alcohol (76.7% versus 16%) use may have also contributed to different outcomes
between the study performed by Mata and colleagues and this study, respectively [26].

Together, the findings of premature alteration in cortical gyrification from the study by Mata
and colleagues [26] and the current study of reduced cortical thickness in frontal and insular
brain regions and increased cortical thickness in lingual and temporo-parietal regions
suggest there may be differences in the developmental trajectory of adolescents who use MJ.
Brain maturation is thought to occur in a back-to-front direction with sensorimotor regions
developing first followed by higher-order association areas and lastly, heteromodal
association areas found in the prefrontal and lateral temporal cortices [52,70,71]. Generally,
gray matter maturation occurs via thinning of the cortical mantel and is presumed to be
related to synaptic pruning [52,70,71]. Our findings of reduced frontal and insular regions
suggest that either cortical maturation occurred normally and then there was gray matter
tissue loss associated with MJ neurotoxicity or that the MJ adolescent users had an atypical
gray matter developmental trajectory and never reached peak cortical thickness as compared
to non-users. This atypical cortical development may represent a risk factor for substance
use. Furthermore, the increase in cortical thickness measures for lingual and temporo-
parietal regions may be related to a premature alteration or delay in cortical thinning in MJ
users which is a similar finding to Mata and colleagues [26]. Overall our findings suggest
that MJ use does impact cortical brain development in adolescents and that endophenotypic
risk makers for substance abuse may be detectable. Cortical thickness-based analytic
techniques have been successfully utilized in other neurodevelopmental disorders such as in
Attention-Deficit/Hyperactivity Disorder (ADHD) [46-48,72], autism spectrum disorder
[49], and schizophrenia [50,51] and may be particularly sensitive to the detection of aberrant
maturation or atypical patterns of brain development.

Our finding of reduced cortical gray matter in the insula is in line with previous functional
imaging studies that have found both abnormal insula activity in abstinent and current
adolescent MJ abusers [73,74] and abnormal insular activation during alcohol and drug
urges [42,75,76]. Specific to MJ related cravings, one study reported greater activation in the
insula in 38 regular adult MJ users, who had abstained for 72 hours, when presented with

MJ related cues [76]. Furthermore, in a recent investigation, cigarette smokers with insular
lesions were more likely to quite smoking and have reduced cravings to smoke than
individuals without insular lesions [77]. In addition, greater right anterior insular gray matter
volumes have been correlated with increased accuracy in the subjective sense of the inner
body, and with negative emotional experience [78]. Furthermore, Hester and colleagues
reported that abnormal insula activity in active chronic MJ users was associated with deficits
in behavioral monitoring and error-awareness [19]. Thus it is possible that reduced cortical
gray matter in the insula may be associated with the decreased ability to accurately perceive
inner subjective or negative emotional states leading to anxiety and increased urges to use
[78].

Drug addiction has also been conceptualized as an inability to recognize internal and
external drug-related cues [79]. The attenuated awareness of internal and external cues has
been linked to insular dysfunction and may lead to the false belief that one does not have a
problem with drugs/alcohol and is in control over their substance use behavior despite
evidence of impairment [79]. Furthermore, previous studies have linked insular dysfunction
with impaired decision making capacity and with the diminished capacity for behavioral
monitoring [19,42-44]. In the current study, cortical insular gray matter was not found to be
associated with age of onset measures or total lifetime MJ use, suggesting that reduced
insular gray matter may be a trait abnormality. This is consistent with a study by Ray and
colleagues who also noted abnormal insula activity may be a biological marker for risk [41].
In this study, alcohol and drug cues produced greater brain activation in the right insula
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compared to neutral cues in college students at high-risk for alcohol abuse, which is similar
to insular activation abnormalities in individuals with substance dependence [41]. Given the
role of the insula in both urges and in decision-making, it is unclear whether the observed
structural abnormalities in insula structure in the current study of adolescents could reflect a
propensity for the development of drug cravings or abnormalities in decision-making
capacity, or both.

The finding of a negative correlation with age of onset of regular use in the superior frontal
gyrus adds to the growing evidence that age of onset of MJ use is a critical variable in
understanding the effects of MJ on structural and neurocognitive measures. Our findings
suggest that earlier onset of MJ use may result in a different gray matter developmental
trajectory than later onset use as exemplified by having larger cortical thickness measures.
In support of our findings, Mata and colleagues also reported that early onset of MJ use may
lead to a premature delay in brain maturation [26]. Previous studies have found that MJ
users with an age of onset prior to 16 or 17 years of age, have more deficits in cognitive and
emotional processes than users with a later onset of use. For example, early-onset MJ use
appears to be related to a permanent deficit in visual scanning ability [80,81]. One study
found that individuals who began using MJ before age 16 demonstrated significantly slower
reaction times on a visual scanning task than those who used MJ after age 16, suggesting
that MJ may interfere with the development of visual processing ability [80]. Becker and
colleagues found that earlier age of onset was associated with increased cortical activity in
the inferior and superior frontal gyrus, superior temporal gyrus, and the insula while
performing verbal working memory task [82]. Pope and colleagues reported that individuals
who initiated MJ use prior to age 17 showed poorer cognitive performance, most notably in
verbal 1Q [83]. Other research has shown that individuals who use MJ before age 18 are
more likely to develop substance abuse or dependence than are those who use MJ when they
are 18 or older [84]. As discussed earlier, Wilson and colleagues [27] reported smaller
whole brain volumes and abnormal gray and white matter content in adolescents with an
onset of use prior to age 17 compared to adolescents who began using later. Early onset
users also were physically smaller and shorter, and males, displayed significantly elevated
cerebral blood flow [27]. Taken together, these previous reports demonstrate that an early
age of onset of MJ use may have enduring effects on brain development.

For urinary cannabinoid levels, negative correlations in the right caudal middle frontal and
left superior frontal suggests that current severity of cannabis use may preferentially affect
cortical thickness in these brain regions leading to tissue loss. Furthermore, a negative
correlation was also found for urinary cannabinoid levels for the right lingual gyrus. This
finding was surprising as our adolescent MJ users were found to have greater cortical
thickness values in this region compared to HC. It is possible that the increased cortical
thickness in the lingual gyri in MJ users may be risk markers for current use or severity of
use. The lingual gyrus has been linked to visual stimulus processing [85,86], including early
components of facial processing [87,88], as well as spatial orientation [89]. One recent study
also suggests the lingual gyrus as being central for the processing of novel events that occur
outside the focus of spatial attention [90]. Interestingly, early-onset MJ use appears to be
related to a permanent deficit in visual scanning ability [80,81]. Furthermore, chronic MJ
use has been reported to change response to masked facial affect [91]. Together these
findings suggests that MJ may interfere with the development of visual processing ability
[80] and potentially to changes in affective interactions. Finally, a study comparing 15
abstinent MJ adolescents with 18 non-using adolescents during a spatial working memory
task [34] reported decreased spatial working memory response and increased vigilance
response in the MJ group within the lingual gyrus/inferior cuneus and superior portions of
the cuneus providing further evidence that lingual gyrus function maybe particularly
impaired in MJ users.
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Areas of abnormal cortical thickness in key prefrontal brain regions, such as the DLPFC
(right caudal middle frontal) and superior frontal corticies may be related to the frontal/
executive deficits frequently seen in MJ abusers. For example, investigations of the
cognitive effects of MJ following a brief abstinence period have reported that heavy MJ use
is associated with deficits in the attentional/executive system [92,93]. In another
investigation of the residual effects of MJ, chronic heavy smokers were enrolled in a 28 day
supervised abstinence study using fMRI BOLD techniques and a modified version of the
Stroop test [94]. Authors reported that compared to control subjects, heavy MJ smokers
demonstrated decreased anterior cingulate activation and increased DLPFC activation during
the interference task on Day 1. At Day 28, smokers continued to demonstrate reduced
activation within the ACC although the activation within the DLPFC approached levels
similar to that of the control subjects. Another investigation utilized a spatial working
memory task while comparing 13 adolescents with recent MJ use, 13 adolescents who had
been abstinent of MJ use for 27 days, and 18 non-using controls [74]. Relative to abstinent
adolescents, those with recent MJ use exhibited increased activation in bilateral insula,
medial and left superior prefrontal cortex, bilateral superior frontal gyrus, as well as
precentral and inferior frontal gyri. These data suggest increased inhibitory control and
working memory updating may be necessary for MJ using adolescents [74].

A recent study of attention with the use of fMRI has also suggested neuroadaptation in the
attention network due to chronic MJ exposure [30]. Chang and colleagues administered a
visual attention task in 12 active MJ users, 12 abstinent MJ users and 19 comparison
subjects. Despite similar task performance between groups, active and abstinent MJ users
showed decreased activation in the right prefrontal, medial and dorsal parietal, and medial
cerebellar regions, but greater activation in frontal, parietal and occipital brain regions
during the visual-attention tasks. Our finding of increased cortical thickness in the bilateral
lingual, right superior temporal, right parietal and left paracentral regions in adolescent MJ
users compared to non-users supports the idea of neuroadaptation or possible compensatory
changes in cortical gray matter in association with MJ use [17,32,95]. For instance,
Kanayama utilized a spatial working memory task to examine brain activity in long-term
heavy MJ users and found increased activation of brain regions typically used for spatial
working memory tasks and additional regions not typically used for spatial working memory
(such as regions in the basal ganglia) [32]. In another study, Jager and colleagues
investigated the effects of adolescent MJ use on working memory and found that MJ users
showed excessive activity in prefrontal regions when a task was novel, again suggesting
functional compensation [95]. Finally, Gruber and colleagues found that compared to non-
users, MJ smokers exhibited different patterns of BOLD response and error response during
the Stroop interference condition despite similar task performance [17]. Thus, a number of
studies have demonstrated both neuropsychological and neurophysiological changes after
MJ use, with some effects lasting after extensive washout of the drug.

Our current findings should be interpreted with care given the modest sample size, group
differences in gender and ethnic distributions, cross-sectional nature of the study and the
inclusion of youths who were currently using MJ, with presumably different usage patterns.
Furthermore, we utilized verbal fluency as an estimate of 1Q rather than reporting full-scale
IQ scores. Prior studies have found modest to moderate correlations between verbal fluency
and estimates of intelligence [55]. Interestingly, our MJ subjects had greater verbal fluency
scores, which may have impacted our findings. However, if verbal fluency measures were
influencing our results, greater cortical thickness measures would have been expected,
particularly in prefrontal and temporal regions in our MJ users, and this was not case
[96,97]. Furthermore, no significant correlation was found for any brain region and verbal
fluency in the cannabis group suggesting that differences in 1Q were not driving the results
of this study. Strengths of this study include the narrow age range of the adolescents and the
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rigorous clinical assessment of study subjects resulting in the inclusion of adolescents
without current comorbid substance abuse disorders and, with the exception of one
participant, free of psychiatric comorbidity or history of psychotropic medication use.

5. CONCLUSION

In summary, this is one of the first studies to evaluate cortical thickness in a group of
adolescents with heavy MJ use compared to non-users. Our findings of abnormal cortical
thickness in prefrontal and insular regions in MJ users compared to non-users is congruent
with previous neuroimaging findings that have documented abnormalities in these key brain
regions in substance abuse. Although abnormal structure does not imply abnormal function,
our findings suggest that abnormal prefrontal and insular cortical gray matter may affect the
decision-making capacity and urges to use MJ despite negative consequences. Age of onset
of MJ use continues to be an important factor when assessing the impact of MJ on brain
substrates and further study is need to determine the long-term and short-term effects of MJ
use on brain development. Such studies should include longitudinal and at-risk studies
during the critical period of adolescents.
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Figure 1.

Clusterwise Whole Brain Analysis of Cortical Thickness Between Adolescent Marijuana
(MJ) Users and Healthy Controls. Red color indicates cortical thickness is greater in controls
compared to MJ users and light blue indicates cortical thickness is greater in MJ users
compared to controls.
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Figure 2.
Diagram Showing the Negative Correlation of the Right Superior Frontal Region Cortical

Thickness (mm) and Age of Onset of Regular Use (years).
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The 15 Regions of Interest (ROI) with the Most Significant Cortical Thickness Differences Between

Table 3

Adolescent Marijuana Users and Control Non-Users.

Average Cortical Thickness in ROlIs  p-value df™  t-statistic
Right Hemisphere
Sulcal calcarine™ 0.01 2811 —2.89
Sulcal rectus 0.05 32.07 2.02
Sulcal precentral superior-part 0.09 33.68 -1.75
Gyral insular long 0.15 30.95 1.47
Sulcal occipitotemporal lateral 0.17 33.97 1.41
Sulcal collateral transverse anterior 0.19 33.89 1.33
Gyral cingulate main part 0.20 33.90 1.32
Sulcal central insula 0.22 30.44 1.27
Sulcal subcentral post 0.23 33.99 1.22
Left Hemisphere
Sulcal central insula™ 002 3391 243
Gyral temporal superior lateral™ 0.04 32.92 2.09
Sulcal circular insula inferior 0.10 3155 1.72
Sulcal precentral superior part 0.10 32.93 —1.68
Sulcal paracentral 0.14 33.95 -1.52
Gyral parietal inferior angular 0.17 33.99 141

*
ROIs indicative of a rejection of the null hypothesis at the 0.05 significance level.

Fk

Degrees of Freedom (df) calculated by Satterthwaite’s approximation
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