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Abstract

Chronic marijuana use during adolescence is frequently comorbid with heavy alcohol consumption
and associated with CNS alterations, yet the influence of early cannabis and alcohol use on
microstructural white matter integrity is unclear. Building on evidence that cannabinoid receptors
are present in myelin precursors and affect glial cell processing, and that excessive ethanol exposure
is associated with persistently impaired myelination, we used diffusion tensor imaging (DTI) to
characterize white matter integrity in heavy substance using and non-using adolescents. We evaluated
36 marijuana and alcohol-using (MJ+ALC) adolescents (ages 16-19) and 36 demographically similar
non-using controls with DTI. Diffusion parameters fractional anisotropy (FA) and mean diffusivity
(MD) were subjected to whole-brain voxelwise group comparisons using tract-based spatial statistics
(Smith et al., 2006). MJ+ALC teens had significantly lower FA than controls in 10 regions, including
left superior longitudinal fasciculus (SLF), left postcentral gyrus, bilateral crus cerebri, and inferior
frontal and temporal white matter tracts. These diminutions occurred in the context of increased FA
in right occipital, internal capsule, and SLF regions. Changes in MD were less distributed, but
increased MD was evident in the right occipital lobe, whereas the left inferior longitudinal fasciculus
showed lower MD in MJ+ALC users. Findings suggest that fronto-parietal circuitry may be
particularly impacted in adolescent users of the most prevalent intoxicants: marijuana and alcohol.
Disruptions to white matter in this young group could indicate aberrant axonal and myelin maturation
with resultant compromise of fiber integrity. Findings of increased anisotropic diffusion in alternate
brain regions suggests possible neuroadaptive processes and can be examined in future studies of
connectivity to determine how aberrancies in specific tracts might influence efficient cognitive
processing.
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1. Introduction

Cannabis is the most widely used illicit substance among adolescents in the U.S. Of 2.1 million
recent initiates, 63% were younger than 18 when they first used (SAMSHA, 2007). Early onset
use is associated with dependence among many users, with youths ages 12-17 constituting the
majority of admissions to treatment facilities for cannabis abuse (Chen et al., 2004; Hartman
et al., 2008). Excessive alcohol consumption is also prevalent among adolescents, as close to
a third of 16-17 year-olds report drinking in the past month with 20% transitioning to chronic
use by age 20 (SAMSHA, 2007). Despite the frequent comorbidity of marijuana and alcohol
use (MJ+ALC) in adolescence (Schweinsburg et al., 2008a), it is unclear how protracted use
may affect brain structure and function during this period of continued neuromaturation (Giedd,
2004; Giedd et al., 1999; Gogtay et al., 2004; Hasan et al., 2007; Lenroot and Giedd, 2006;
Paus, 2005; Paus et al., 1999).

Studies examining brain morphology in marijuana users, particularly within white matter, offer
equivocal findings. Although some report no changes in white matter volume and composition
in adult users (Block et al., 2000; Gruber and Yurgelun-Todd, 2005), reduced white matter
volumes in the left parietal lobe and increased tissue density surrounding the left
parahippocampal and fusiform gyri have been documented (Matochik et al., 2005). Whether
the reported changes in brain structure among marijuana using adolescents persist into
adulthood remains tentative. Increased mean diffusivity in the prefrontal fiber bundles of the
corpus callosum in adults who initiated use during early adolescence suggests long-term
changes to white matter quality as a result of adolescent marijuana use (Arnone et al., 2008).
In conflict with these findings, a DTI study using whole-brain voxelwise analysis of 10 young
adults who used moderately as adolescents suggested no loss of white matter integrity relative
to non-users (Delisi et al., 2006). Still, another report shows higher fractional anisotropy in the
rostral body and isthmus of the corpus callosum in adolescent substance users compared to
controls (De Bellis et al., 2008).

Studies of grey matter show more consistent differences, with evidence for bilateral
hippocampus and amygdala volume reductions in adults with history of long-term cannabis
use, where left hippocampal volume was inversely related to chronicity of exposure to cannabis
(Yucel et al., 2008). In addition, a voxel-based morphometry study in young adults with first
episode schizophrenia and history of adolescent marijuana use showed more prominent gray
matter density and volume reduction in the right posterior cingulate cortex compared to their
non-using counterparts (Bangalore et al., 2008). These changes may be influenced by ongoing
neurodevelopment, particularly when exposure begins early. The functional implications of
these differences appear disadvantageous, as marijuana-using teens show an increased
susceptibility to depressive symptoms (Medina et al., 2007b) and poorer performance than
non-users on neuropsychological tests of psychomotor speed, complex attention, story
memory, planning, and sequencing ability, even after a month of sustained abstinence (Medina
et al., 2007a).

Converging evidence from functional neuroimaging studies of chronic marijuana using
adolescents reveal deviations from the typical neural networks subserving these cognitive
tasks. Brain response patterns in marijuana-using teens consistently indicate increased
utilization of alternate brain networks. One of the first studies to demonstrate this profile
administered a spatial working memory task to 15-17 year-old MJ+ALC-using teens. Relative
to controls, users demonstrated increased blood oxygen level dependent (BOLD) response in
right superior frontal cortices yet decreased activation in right inferior frontal and temporal
regions (Schweinsburg et al., 2005). Tasks of verbal working memory (Jacobsen et al., 2007)
and response inhibition (Tapert et al., 2007) elicit similar findings in marijuana-using teens,
where greater activation was seen in frontal, parietal, and mid-cingulate regions as compared
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to performance-matched controls. Together, these data coincide with patterns of altered brain
functioning found in marijuana-using adults (Eldreth et al., 2004; Kanayama et al., 2004),
suggesting that users are less able to recruit the typical neural networks underlying complex
cognitive functions and may require more neural resources to perform adequately. It is possible
that diminutions in white matter caliber may be associated with this atypical processing
tendency. Fiber pathways within and connecting superior medial and inferior frontal areas
(Gruber and Yurgelun-Todd, 2005; Kanayama et al., 2004), temporal and parietal lobes (Grant
et al., 2003), and the cerebellum including the tonsil (Chang et al., 2006) are implicated by
structural and functional findings to show vulnerability to marijuana use.

Animal studies examining the mechanisms of physiological change induced by cannabis
provide insight as to the probable source of CNS susceptibility, documenting the existence of
cannabinoid (CB-1) receptors in numerous neuronal substrates and in cell processes that
represent precursors to myelin. Present in astrocytes (Bouaboula et al., 1995; Sanchez et al.,
1998), microglia (Moldrich and Wenger, 2000; Rodriguez et al., 2001; Waksman et al.,
1999; Walter et al., 2003), and oligodendrocytes (Molina-Holgado et al., 2002a), CB-1
receptors are known to affect glial cell functions including migration toward sites of injury
(Walter et al., 2003). These processes may be adversely impacted by early marijuana use and
result in an altered trajectory of white matter development.

As an equally consumed intoxicant among adolescents, comorbid alcohol use is common
among chronic marijuana users (Medina et al., 2007c). Heavy alcohol use is associated with a
wide range of neural consequences in adults (Estruch et al., 1997; Nicolas et al., 2000;
Pfefferbaum et al., 2006a; Pfefferbaum et al., 2006b; Pfefferbaum and Sullivan, 2005) and
similar sequelae are implicated in adolescent users. Prefrontal white matter volumes appear
smaller in heavy alcohol using adolescents (De Bellis et al., 2005; Medina et al., 2008). In
addition, atypical brain response during spatial working memory (Tapert et al., 2004), and
deficits on neuropsychological measures of attention (Tapert and Brown, 1999), retrieval
(Brown et al., 2000), and visuospatial functioning (Tapert et al., 2002) suggest functional
consequences of adolescent heavy drinking with sustained effects through adulthood (Brown
etal., 2008). A detailed characterization of white matter is thus essential for understanding the
influence of combined marijuana and alcohol use on the developing adolescent brain.

Here, we employ diffusion tensor imaging (DTI), a non-invasive technique for discerning
microstructural white matter integrity in vivo. This technique is sensitive to variations in
random motions, or diffusion, of water in neural tissues. In highly oriented and coherent brain
tissue such as white matter fiber tracts, diffusion is anisotropic and greater along rather than
perpendicular to axonal fibers (Le Bihan et al., 2001). Through acquisition of multiple images
along different directions, one can quantify the directional dependence of diffusion and, from
this, infer structural characteristics of the local tissue environment. Two primary scalar
measures can be derived from DTI data: 1) fractional anisotropy (FA), a measurement of the
directional variance of diffusional motion and 2) mean diffusivity (MD), measuring the overall
magnitude of diffusional motion within a given voxel (Moritani et al., 2005). These measures
index relationships between signal intensity changes and underlying structure, and are used in
tandem to assess white matter quality (Conturo et al., 1999; Pierpaoli and Basser, 1996;
Shimony et al., 1999).

Diffusion characteristics across typical adolescent development show a linear increase in FA
and decrease in MD (Barnea-Goraly et al., 2005; Giorgio et al., 2008; Snook et al., 2005).
These changes parallel the establishment of new cortical connections and growth of axons that
continue at least through the second decade of life (Barnea-Goraly et al., 2005; Paus et al.,
1999). Efficient organization of white matter fibers is linked to optimal cognitive performance.
Anisotropic diffusion in the left parietal, right frontal, and corpus callosum regions correlate
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most with intellectual functioning in youth (Fryer et al., 2008; Schmithorst et al., 2005) and
correspond to regional white matter maturation (Bonekamp et al., 2007).

In the current study, we examined the integrity of neuroanatomical pathways in adolescent
marijuana users with concomitant alcohol use through DTI analysis. Based on findings of
altered neural networks in marijuana-using teens, neurobiological evidence of cannabis
receptors within myelin precursors, and persistent impairing effects of alcohol on myelination,
we predicted that chronic MJ+ALC users would show poorer white matter integrity than non-
users. Considering activation differences in fMRI studies in alcohol and marijuana users
(Jacobsen et al., 2007; Rangaswamy et al., 2004; Schweinsburg et al., 2008b; Tapert et al.,
2004; Tapert et al., 2007), we hypothesized white matter fiber integrity to be altered in fronto-
parietal circuits.

2. Methods
2. 1. Participants

Seventy-two adolescents ranging in age from 16 through 19 years participated; 36 were heavy
MJ+ALC users (180-1844 lifetime occurrences of marijuana use and 25-736 lifetime alcoholic
drinks), and 36 were demographically similar non-using controls (see Table 1). Participants
were recruited from local high schools with comparable numbers of each group recruited from
each participating school as part of an ongoing adolescent brain imaging project (e.g., Tapert
etal., 2007). Participants and their parents/legal guardians were screened with separate, private
interviews to ascertain eligibility. Exclusionary criteria were: DSM-IV Axis | disorder other
than alcohol or marijuana use disorder; nicotine dependence (Fagerstrom Test for Nicotine
Dependence (FTND) score > 3), use of psychoactive medications; history of neurological
disorder, head trauma with loss of consciousness >2 minutes, learning disability, chronic health
problem, or complicated/premature birth (<33 weeks gestation); parental history of bipolar |
or psychotic disorder; any evidence of maternal drinking (>7 drinks in a week or >4 drinks in
a day) or illicit drug use during pregnancy; left handedness; MRI contraindications; and
clinically abnormal brain anatomy. Participants abstained from substance use for at least 24
hours before imaging, to minimize the confound of acute or withdrawal effects during scanning,
verified by urine toxicology and Breathalyzer. The most recent marijuana use occurred 24
hours prior to imaging and last heavy alcohol use (4 or 5 alcoholic beverages in one sitting for
females and males, respectively) was 3 days prior (see Table 1). Informed assent and consent
were obtained from participants and their parents/legal guardians in accordance with UCSD
Human Research Protections Program procedures.

2.2. Measures

2.2.1. Substance use—The Customary Drinking and Drug use Record (Brown et al.,
1998) collected from the teen detailed information on quantity and frequency of lifetime and
past 3-month alcohol, marijuana and other drug use (including misuse of prescription and over-
the-counter medications), as well as abuse/dependence, withdrawal, and negative
consequences. The Timeline Followback (Sobell and Sobell, 1992) assessed the pattern of
substance use during the 28 days preceding the scan session using the youth and parent report
(see Tapert et al., 2007). The FTND (Heatherton et al., 1991) indicated that no participant was
dependent on nicotine.

2.2.2. Mood and psychopathological syndromes—The Beck Depression Inventory

(Beck, 1978) and Spielberger State Trait Anxiety Inventory (Spielberger et al., 1970) assessed
mood prior to scanning. The Child Behavior Checklist (Achenbach and Rescorla, 2001) was
completed by parents to assay internalizing and externalizing psychopathological syndromes.
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2.2.3. Cognition—As part of a larger neuropsychological battery, participants were
administered the Wechsler Abbreviated Scale of Intelligence VVocabulary subtest (Wechsler,
1999) and Wide Range Achievement Test — 3 Reading test (Wilkinson, 1993) as estimates of
premorbid intellectual functioning.

2.2.4. Family history—History of alcohol or drug use disorder in participants' biological
parents was assessed by parent interview using the Family History Assessment Module
(FHAM; (Rice et al., 1995). Parents were interviewed by a different psychometrist than who
assessed the adolescent.

2.3. Procedures

2.3.1 MR acquisition—Participants were imaged in a 3T General Electric Excite MR system
with an 8-channel phase-array head coil (General Electric Medical System, Milwaukee, WI,
USA). A scout scan ensured good head placement and whole-brain coverage. Diffusion-
weighted images were collected along 15 noncollinear directions determined by the
electrostatic repulsion model which minimizes bias in measurements by sampling with
approximately uniform distribution on a sphere (Jones et al., 1999), in addition to a reference
image with no diffusion weighting (b=0). The diffusion encoding scheme consisted of a single-
shot dual spin echo excitation optimized for minimum TE and reduction of eddy current
artifacts (Reese et al., 2003). The following sequence parameters were applied and averaged
over four volumes: TE/TR=93/12,000 ms, FOV=240 mm, matrix =128x128, 36 contiguous
slices, 3 mm slice thickness, b-value=2000 s/mm?2. Two field maps were collected for
unwarping (TE/TR=3.8/1,000 ms) to correct for signal loss and geometric distortion due to BO
field inhomogeneities (Andersson and Skare, 2002; Jezzard and Balaban, 1995).

2.4. Data Analysis

2.4.1. Image pre-processing—First, datasets were visually inspected slice-by-slice for
each subject. One control was excluded due to severe motion artifact, and 5 participants (1 MJ
+ALC and 4 controls) were excluded due to technical problems during scanning (final N=72).
Second, datasets were corrected for head motion, eddy current distortion, and signal loss using
FSL tools (FMRIB Software Library, Oxford, United Kingdom; (Smith et al., 2004)).
Specifically, image acquisitions for each direction were merged into asingle 4D file and aligned
to the first volume using affine registration with six degrees of freedom and Fourier
interpolation to correct for motion (FLIRT-FMRIB's Linear Image Registration Tool;
(Jenkinson et al., 2002)). Each of the 15 direction files were then registered to the BO image
using a six-parameter registration in 2D to minimize eddy current distortions (FDT-FMRIB's
Diffusion Toolbox 2.0; (Behrens et al., 2003)). Next, phase unwrapping (PRELUDE-Phase
Region Expanding Labeler for Unwrapping Discrete Estimates; (Jenkinson, 2003)) and
regularization (FUGUE-FMRIB's Utility for Geometrically Unwarping EPIs; (Jenkinson and
Smith, 2001)) of field maps were conducted for quantifying field distortions. Resulting
measurements were translated into voxel shifts, effectively assigning image intensities to
correct voxel locations.

2.4.2. DTl quantification—Pre-processed images were subjected to tensor decomposition
to derive scalar diffusion indices, FA and MD (Le Bihan et al., 2001). This computation was
performed in native coordinate space using Analysis of Functional Neurolmages' (Cox,
1996) diffusion plug-in routine, 3dDWItoDT (Cox and Glen, 2006). This algorithm uses a non-
linear estimation method that guarantees that the diffusion tensor is positive definite, and
provides estimates of FA and MD that are robust to increasing noise at high b-values (Jones
and Basser, 2004; Skare et al., 2000). FA and MD were examined with whole-brain voxelwise
analysis using Tract-Based Spatial Statistics (TBSS; (Smith et al., 2006)), which is optimized
for multi-subject comparison and localized analysis of diffusion measurements, addressing the

Psychiatry Res. Author manuscript; available in PMC 2010 September 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bava et al.

3. Results

Page 6

limitations of standard tools for voxelwise analysis where inaccurate registration and
smoothing can lead to ambiguity in data interpretation.

TBSS analyses involved the following steps: To achieve initial alignment, FA maps were
registered to an averaged FA template (FMRIB-58) in MNI-152 standard space using an affine-
only registration. This was followed by a non-linear transformation into 1 mm cubic voxel
dimensions using Image Registration Toolkit (Rueckert et al., 1999). Data were examined for
laterality, orientation, and cross-subject anatomical alignment. Next, transformed images were
averaged across subjects to create a mean diffusion image (FA), from which a white matter
skeleton was derived, representing tracts common to all subjects. Individual transformed FA
images were then projected onto the skeleton. To minimize partial-volume effects and areas
of high inter-subject variability, values were thresholded at FA >0.2. FA values from
individuals' nearest relevant tract center were assigned to the skeleton via a perpendicular
search for the maximum FA value within local skeleton structure. This process accounts for
residual misalignments between subjects after the initial registration and minimizes systematic
differences in tract location between groups of subjects. These data formed the basis of
voxelwise statistical comparisons. MD data were processed using the same nonlinear
transformation, skeleton, and skeleton-projection vectors derived from the FA analysis (Smith
etal., 2007).

2.4.3. Statistical analyses—\Voxelwise statistics on the skeleton space FA and MD data
were carried out in AFNI using independent sample t-tests. A combination of individual voxel
probability and cluster size thresholding using Monte Carlo simulation (Ward, 2000) for
multiple comparison correction was employed for Type I error control. Under this criteria,
clusters > 54 pl (54 contiguous 1x1x1 voxels) with an individual voxel probability threshold
of P<0.05, yielding a brain-wise P<0.01 of finding such a cluster under the null hypothesis,
were interpreted. Cohen's d effect sizes (Cohen, 1988) were computed from the average t-value
within each significant cluster. In addition to being subjected to a whole-brain analysis, MD
values were examined in regions of significant between-group FA differences, to assess the
contribution of water diffusion to structural differences. Anatomical identification of tract
structures was confirmed using a white matter atlas (Wakana et al., 2004).

2.4.4. Follow-up analyses—Distributions were examined for skewness and kurtosis; seven
variables were found to deviate from normality (marijuana hits smoked per month, days since
last marijuana use, years of regular drinking, days since last alcohol use, lifetime other drug
use, cigarettes smoked per day, and FTND score) and were log transformed (Tabachnick and
Fidell, 2007). Clusters showing significant group differences in FA or MD were examined in
a repeated-measures analysis of covariance (ANCOVA) to control for familial and substance
use variables that differed between groups. Regression analyses assessed the unique
contributions of substance use and parental history of substance use disorder (SUD) on FA and
MD within significant clusters; P-values of <0.004, corrected for multiple comparisons using
Bonferroni adjustments, were considered significant. In follow-up exploratory analyses, mean
FA and MD values in significant clusters were correlated with substance use variables in both
groups using Pearson's r correlation coefficients (a=.05).

Groups did not differ on demographic variables including age, gender distribution, ethnic
composition, and socioeconomic status (Hollingshead, 1965) (see Table 1). Measures of
emotional functioning and psychopathology were similar between groups and fell within
normal limits. Estimated premorbid 1Q and academic reading achievement were also
comparable between groups, typically falling in the average to high average range. MJ+ALC
youths were more likely to have a parental history of SUD (P<0.05), and reported more nicotine
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(P<0.05) and other drug (P<0.001) use than controls, so these variables were included as
covariates in statistical analyses.

Independent samples t-tests, corrected with intensity and cluster-based thresholding, revealed
10 clusters (> 54 pl) in which MJ+ALC teens showed significantly lower FA than controls (see
Table 2). The most prominent areas of diminished FA were in the left SLF, left postcentral
sensory gyrus, and bilateral crus cerebri (P<0.001, see Figure 1). Temporal regions including
the right superior temporal gyrus (P<0.001), projection fibers of the left temporo-thalamic tract
(P<0.01), and right inferior longitudinal fasciculus (P<0.01) showed FA diminutions in MJ
+ALC users, as did association fibers in right inferior frontal (P<0.001), left occipital-frontal
(P<0.01), and splenium (P<0.01) regions (p-values refer to difference in the average FA value
within each cluster). Interestingly, in three right hemisphere clusters, MJ+ALC users had
higher FA than controls (P<0.001): the cuneus region of the occipital lobe, anterior limb of
the internal capsule, and arcuate portion of the right SLF (see Table 2).

Using the same model, analysis of MD within clusters of significant FA discrepancy yielded
no differences between groups (see Figure 2). However, a whole-brain analysis of MD revealed
small but significant differences in two areas. Inferior to the right occipital-cuneus and adjacent
the lingual gyrus, MJ+ALC users had higher MD than controls (P<0.01). Contrary to
hypotheses, users showed lower MD than controls in the left inferior longitudinal fasciculus
(P<0.01).

To evaluate the influence of potential confounds, group differences were examined in an
ANCOVA (N =72). Specifically, cigarettes smoked, FTND score, lifetime other drug use, and
parental history of SUD were greater in MJ+ALC users than controls. ANCOVAs indicated
that the group differences in FA and MD reported above persisted after controlling for these
variables (F(12,54) = 6.50, P<0.001). Further, to see if parental SUD history might interact
with adolescent substance use in accounting for variability in white mater integrity, follow-up
hierarchical regressions (N = 72) entered parental SUD history on step 1, substance use group
on step 2, and their interaction on step 3. Positive parental SUD history predicted lower FA in
the right crus cerebri, but not other regions, across users and controls (f =-.37, P =0.001), yet
substance group status continued to predict FA above and beyond parental history (§ = -.33,
P =0.003). The parent history x use group interaction did not predict FA.

Follow-up analyses examined relationships between substance use variables and FA in regions
that differed between groups. The range of alcohol use in both groups provided the opportunity
to examine correlations between lifetime alcohol use and FA in the full sample (N = 72). Results
revealed positive relationships in the three clusters where users had higher FA than controls
(r =0.30t0 0.33, P = 0.005 to 0.01), and negative relationships in regions where users had
lower FA than controls (right and left crus cerebri, corpus callosum splenium, right inferior
frontal gyrus, and left postcentral gyrus; r = -0.24 to -0.40, P = 0.0004 to 0.036).

Correlations within the user group (n = 36) between FA values and alcohol and marijuana
intensity, frequency, and duration were nonsignificant at P<0.004, but a few interesting trends
emerged. Specifically, in three regions where users had lower FA than controls, FA was linked
to use indices: right inferior frontal gyrus FA negatively correlated with years of regular
drinking (r =-0.34, P = 0.04); but left SLF FA positively correlated with recent marijuana use
days per month (r = 0.36 P = 0.03); and left occipito-frontal tract FA positively correlated with
lifetime marijuana use (r = 0.39, P = 0.02), lifetime alcohol use (r = 0.38, p = 0.02), and years
of regular drinking (r = 0.42, P = 0.01). In the left inferior longitudinal fasciculus, where users
unexpectedly had lower MD than controls, lower MD related to more marijuana hits per month
in the past 3 months (r = -0.35, P = 0.039) and fewer days since last alcohol use (r = 0.76, P
=0.03). For particularly heavy users (lifetime marijuana use > 350 and lifetime alcohol drinks

Psychiatry Res. Author manuscript; available in PMC 2010 September 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bava et al.

Page 8

>165; n = 9), splenium FA negatively correlated with lifetime marijuana use (r =-0.67, P =
0.04), and FA in the anterior limb of the internal capsule (where users had higher FA than
controls) positively correlated with lifetime alcohol use (r = 0.67, P = 0.04). Mean FA and MD
did not relate to estimated premorbid IQ in either group, and no gender main effects or gender
by group interactions were seen.

4. Discussion

This study investigated the integrity of white matter microstructure in adolescent marijuana
and alcohol users. Using tract-based spatial analysis, we compared FA and MD within white
matter structures throughout the brain. Based on neurobiological evidence of cannabis
receptors within myelin precursors, persistently impaired myelination in alcoholism, and
findings of altered neural networks in MJ+ALC-using teens, we predicted that substance users
would show lower FA than non-users with predominant alterations in fronto-parietal white
matter pathways. Consistent with our hypothesis, users evidenced diminutions in mean FA
relative to controls, notable in frontal-parietal circuitry comprising fibers of the inferior frontal
region, splenium of the corpus callosum, postcentral gyrus, and left SLF. Contrary to
expectations, areas of increased FA were observed among MJ+ALC teens in the occipital lobe,
internal capsule, and arcuate portion of the right SLF. MD was similar between groups within
the regions of significant FA discrepancy. However, white matter adjacent the lingual gyrus
showed higher MD among MJ+ALC users, whereas the posterior aspect of the left inferior
longitudinal fasciculus demonstrated lower MD in users than controls. Together, these findings
suggest that selective aberrancies in cerebral white matter are evident in early-onset adolescent
marijuana and alcohol use.

Among affected tracts within fronto-parietal networks, the left SLF showed prominently
decreased FA and the greatest volume of anisotropic differences. As the SLF encompasses
projections from parietal to dorsomedial and dorsolateral prefrontal cortices (Makris et al.,
2005), this anatomic finding bears a potential association with the increased activation in right
prefrontal and parietal areas evident during inhibitory processing (Tapert et al., 2007) and with
the increased right parietal BOLD response observed during spatial working memory
(Schweinsburg et al., 2008b) among marijuana users. Greater reliance on right frontal and
cerebellar regions to adequately learn novel verbal material has also been documented in
marijuana-using adolescents (Jacobsen et al., 2007) and speaks to the broad range of functional
impact that may be associated with white matter deficits within the left SLF.

Widespread supratentorial diminutions in FA (Pfefferbaum et al., 2006b) as well as reduced
tract integrity in the genu and splenium of the corpus callosum and centrum semiovale
(Pfefferbaum et al., 2006a; Pfefferbaum and Sullivan, 2005) are evident in adult alcoholism,
consistent with splenium FA deficits among users here. Right inferior frontal FA deficits in
MJ+ALC users also coincide with the reduced fiber coherence observed in prefrontal and
orbitofrontal white matter of adult alcoholics (Harris et al., 2008). The strong negative
relationship between lifetime alcohol consumption and FA in this region may indicate a
common frontal vulnerability among adolescent and adult users.

White matter fibers within the bilateral crus cerebri also showed diminished FA. As important
structural constituents of the fronto-cortico-striatal and corticopontocerebellar circuits, prior
studies show a uniform decrease in these regions in disorders of attention (Ashtari et al.,
2005) and first episode schizophrenia (Cheung et al., 2008). Although the internal capsule has
shown corresponding diminutions in these populations, MJ+ALC users showed a departure
fromthistrend, evidencing increased FA in the anterior limb. This aspect of the internal capsule
contains both direct and indirect fronto-thalamic projections. Collectively, changes in the crus
cerebri, internal capsule, and inferior frontal tracts may be consistent with aberrant
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corticothalamic and frontostriatal connectivity, and fit with previous reports of volumetric
increases in the right thalamus and greater striatal activation during working memory tasks
(Kanayama et al., 2004; Matochik et al., 2005; Padula et al., 2007).

Complex cognition such as inhibitory processing relies on the communication of prefrontal
cortices, basal ganglia, and the thalamus to mediate input and selectively engage related circuits
(Stevens et al., 2007). The current findings suggest that the integration of these processes may
be significantly differentin MJ+ALC users and may be a corollary of both positive and negative
changes in white matter microstructure. Observed in three distinct regions, areas of increased
FA in MJ+ALC users implicate possible signaling of alternate pathways as the result of aberrant
fiber structure in dedicated areas. Within this context, increased FA in the arcuate portion of
the SLF is particularly striking considering that this region shows reduced density in typically
developing adolescents (Paus et al., 1999) and no age-dependent FA changes among male teens
(Ashtari et al., 2007).

The intensity of substance use in relation to diffusion indices also revealed unexpected trends.
More years of regular drinking was linked to lower FA in the right inferior frontal gyrus,
whereas greater marijuana and alcohol use were linked to higher left SLF and occipito-frontal
FA. Low FA values in the left SLF and occipito-frontal fasciculi are found to be associated
with complex mental illness such as schizophrenia (Cheung et al., 2008; Karlsgodt et al.,
2008; Xu et al., 2008), where altered fronto-parietal connectivity is also evident. While it is
surprising that increased duration and intensity of use was associated with higher FA in these
regions, it is possible that these differences may have predated the onset of use, and may be
linked to increased risk for use or altered attentional processes that lead to more frequent use.
Importantly, this finding did not hold in very heavy substance users, suggesting that differences
in white matter composition may be dependent on the extent of use. Among heavy MJ+ALC
users, greater lifetime alcohol use was linked to higher FA in the anterior limb of the internal
capsule, where users showed greater FA than controls (i.e., greater divergence from controls
for the heaviest drinkers). We speculate that these changes may reflect compensatory responses
that are more likely to occur with increasing use, as also observed in studies of functional
activation (Tapert et al., 2004; Tapert et al., 2007). Although further examination is needed,
these findings highlight the complex interaction between neurotoxic substance effects and
concomitant neurodevelopmental changes that take place across brain regions.

Given that the SLF and similar association tracts myelinate into late adolescence (Sowell et
al., 1999), early MJ+ALC use may interfere with neuromaturation. The influence of CB-1
receptors on oligodendroglial development (Rodriguez de Fonseca et al., 1993) suggests that
cannabis may impact cell differentiation and migratory processes. Poor differentiation of
oligodendrocytes or death of oligodendroglia can lead to reductions in myelin initiation,
deposition, compaction, and maintenance (Davis et al., 2003). Although cannabis can prevent
oligodendrocyte death (Molina-Holgado et al., 2002b), early or chronic cannabis exposure may
cause a down-regulation of CB-1 receptors and suppress oligodendrocyte function during
neurodevelopment. Cannabis-induced alterations in myelin proteolipid protein could also
affect the expression of this gene, particularly with long-term exposure (Grigorenko et al.,
2002). Down-regulation of myelin-related genes (Lewohl et al., 2000; Mayfield et al., 2002)
and deficits in oligodendrocyte myelin glycoprotein (Okamoto et al., 2006) found in chronic
alcoholism may further interact with altered processes associated with cannabis exposure.
Focal areas of fiber disintegrity, as suggested by the current study, may result from any of these
neurodevelopmental processes.

Recent DTI work in young adults with history of cannabis dependence shows reduced FA,
increased radial diffusivity, and increased MD in the bilateral posterior internal capsule/
thalamic radiation, left middle temporal gyrus and right superior temporal gyrus (Ashtari et
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al., 2009). Vulnerability in fronto-temporal areas bears resemblance to the current findings,
though predominance of parietal changes in our group may reflect more heterogeneous use of
both cannabis and alcohol in our group. Another study of adults who used moderately as
adolescents suggests no changes in white matter structure relative to non-users (Delisi et al.,
2006). Although this study may indicate a reversibility of white matter changes with long-term
abstinence, current alcohol use in 20% of their sample suggests the possibility that
methodological factors may contribute to inconsistencies with the current findings. Our
diffusion protocol, employing comparatively higher angular resolution and increased image
resolution may yield increased sensitivity to white matter alterations. Similarly, differences in
power and sample characteristics (e.g, chronicity of substance use) could impact detection of
significant effects. Also diverging from the present study is a recent report of higher FA and
lower MD in adolescent substance users compared to controls (De Bellis et al., 2008).
Comorbid mood disorders, polysubstance dependence, and prenatal substance exposure in this
sample may account for the incongruity with current findings, and underscores the challenge
of minimizing confounding variables in substance use studies (Pope, 2002).

The findings from this study should be interpreted while considering the following limitations.
Abstinence periods prior to imaging were variable, and although duration of abstinence did
not correlate with FA or MD, delineation of the acute and chronic effects of marijuana and
alcohol on white matter microstructure is of interest in follow-up studies. As alcohol use is so
common among marijuana users, the specific effects of marijuana cannot be easily
differentiated. Groups with singular substance use are difficult to obtain in naturalistic studies,
but future work is needed to decipher the effects due to marijuana use alone versus combined
MJ+ALC use on white matter alterations. Differences in diffusion properties between MJ
+ALC users and non-users do not appear to be associated with premorbid functioning, as stable
indicators of cognition were equal between groups and were unrelated to FA or MD. Despite
this, pre-onset use white matter integrity in MJ+ALC users is unknown, and pre-existing
vulnerabilities including increased incidence of behavioral dysregulation (Kirisci et al.,
2004; Tarter et al., 2003) and negative affectivity (Chassin et al., 2004) may be associated with
neurological differences that predispose individuals in this group to substance use. Further, MJ
+ALC users were more likely to have a parental history of substance use disorders. Considering
that white matter changes in adolescent MJ+ALC users may have predated the onset of use,
future follow-ups of this cohort will help determine whether increases in substance use result
in greater deviations in white matter microstructure. Assessments prior to MJ+ALC use onset
will provide important information on the relative influence of premorbid characteristics and
initiation of heavy substance use.

Determining the structural integrity of white matter from diffusion weighted data is
complicated by the existence of multiple fiber orientations within a voxel (Pierpaoli et al.,
1996). To resolve regions of complex fiber distributions in characterizing local diffusion,
measurements at higher angular resolution, in conjunction with higher order tensor analysis
(Frank, 2002), will be considered in future work. The macrostructural correlates of increased
and decreased diffusion anisotropy are the subject of ongoing research combining DTI with
structural techniques. In addition, studies incorporating functional data will determine how
indices of white matter compromise are linked to atypical neural networks and to what extent
deviations in diffusion anisotropy contribute to altered connectivity. Integration of
neuropsychological data will inform how changes in FA are associated with tasks involving
different cognitive demands. These investigations are best conducted within a longitudinal
framework where both the persistent and potentially reversible effects of marijuana and alcohol
use over adolescence can be comprehensively assessed.

In conclusion, this study provides new information with the use of DTI to elucidate changes
in white matter microstructure associated with adolescent MJ+ALC use. Findings reveal
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prominent aberrancies in fronto-parietal networks and fiber projections within circuits
responsible for modulating complex cognitive, motor, and sensory processing. Findings
implicate possible neuroadaptive anatomic changes that can be applied to future studies of
connectivity to determine how alterations in specific tracts might influence efficient cognitive
processing.
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Figure 1.

Regions of altered fractional anisotropy in adolescent marijuana+alcohol users (n=36) relative
to controls (n=36). Results are superimposed on the fiber skeleton (beige) and overlaid on a
standardized FA template. Red indicates decreased FA in marijuana+alcohol users in: A) left
superior longitudinal fasciculus; B) postcentral gyrus; and C) inferior frontal gyrus. Green
indicates increased FA in marijuana+alcohol users in: D) occipital lobe-cuneus (white arrow);
and E) right superior longitudinal fasciculus — arcuate. R=Right.
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Figure 2.

Fractional anisotropy (FA) and mean diffusivity (MD) in areas of significant FA difference
between adolescent marijuana+alcohol users (h=36) and controls (n=36). Relative to controls,
users showed significantly lower FA in 10 regions and higher FA in 3 regions; within these 13
regions, MD did not differ between groups.

*P<0.01

**P<0.001

SLF=Superior longitudinal fasciculus
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Table 1

Demographic and substance use characteristics of participants.

Page 20

MJ+ALC
(n = 36)

M (SD) or %

Controls
(n=36)

M (SD) or %

Years of age (range 16.3-19.0)

Female

Caucasian

Annual household income (thousands)
Hollingshead socioeconomic level

Parental history of a substance use disorder*Jr
WASI Vocabulary T—st:orei

WRAT-3 Reading standard score§

Spielberger State Anxiety T-score

Beck Depression Inventory Total

Child Behavior Checklist Internalizing T-score
Child Behavior Checklist Externalizing T-score
Age of first marijuana use”

Age of first weekly marijuana use

. . . - *k
Lifetime marijuana use episodes

Marijuana use days per month (past 3 months)**

Days between last marijuana use and DTI study**

Age of first alcohol use”
Age of first weekly alcohol use
*%
Lifetime alcohol drinks
Drinks per month (past 3 months)**

Days between last alcohol use and DTI study

Cigarettes per smoking day*

Fagerstrom Test for Nicotine Dependence score”

*k
Lifetime other drug use instances

17.9 (0.9)
27.8%
61.1%
141.7 (128.3)
28.8 (13.7)
41.7%
58.4 (8.7)
106.7 (8.0)
39.5 (6.7)
32(32)
46.1 (10.0)
49.7 (9.4)
13.9 (2.0)
14.7 (3.1)
551.7 (481.2)
11.6 (8.4)
52.1 (69.6)
13.1 (1.9)
15.5 (1.7)
195.3 (152.7)
52.9 (52.4)
43.0 (68.6)
12(3.8)
03(0.7)
10,5 (11.2)

17.8(0.8)
27.8%
62.9 %
115.9 (60.2)
30.4 (16.2)
11.4%
58.7 (8.7)
109.7 (6.6)
377 (7.0)
26(2.7)
44.8(7.9)
452 (10.3)
15407

14(2.3)
0.1(0.3)
356.4 (330.3) /
6@’
1602
25.0 (38.6)
8.2 (12.4)
86.9 (118.2) /
0.0(0.2)
0.0 (0.0)
05(2.2)

*
P<0.05

*

£
P<0.001

7LParent with DSM-1V alcohol or drug abuse or dependence

$From Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999)

§From Wechsler Wide Range Achievement Test (Wilkinson, 1993)

A T "
For controls with history of any marijuana (n=14) or alcohol (n=12) use

4n=1)

MJ+ALC = Marijuana and alcohol user
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