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Abstract

The aims of this study were to investigate the consequences of prolonged patterns of alcohol and
marijuana use on white matter integrity and neurocognitive functioning in late adolescence, and
examine neurodevelopmental trajectories over three years of regular follow-up visits. Three
groups of demographically similar teens received assessments every 1.5 years (controls with
consistently minimal substance use, n = 16; teens who gradually increase their heavy episodic
drinking n = 17, and continuous binge drinkers with heavy marijuana use, n = 21), including
comprehensive neuropsychological evaluations, diffusion tensor imaging, and detailed substance
use interviews. One-way ANOVA identified fifteen white matter clusters that significantly
differed between groups at 3-year follow-up, ages 19-22; controls consistently demonstrated
higher values of tissue integrity across fiber tracts. Repeated measures ANOVA revealed
significant declines in white matter integrity from baseline to 3-year follow-up in the subsample of
substance users, along with poorer global neurocognitive performance in alcohol users with heavy
marijuana use by the 18-month follow-up. Findings suggest healthier brain white matter
microstructure and better neurocognitive performance for teens free from heavy alcohol and
marijuana use. Long-term engagement in these substances may adversely influence white matter
and increase vulnerability for development of neuropathology purported to underlie future risk-
taking and addictive behaviors.
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1. Introduction

Substance use is typically initiated during adolescence, with rates of use increasing into
young adulthood. Alcohol is the most commonly used substance, with 70% of high school
seniors having at least tried alcohol, 51% being drunk at least once, and most alarmingly,
22% engaging in binge drinking in the past two weeks (i.e., 24 drinks on one occasion for
females and =5 drinks for males; (Johnston et al., 2012). Marijuana is the second most
commonly used substance, with 46% of high school seniors endorsing lifetime use and 23%
endorsing past month use (Johnston et al., 2012).
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These high rates of substance use are concerning, as the adolescent brain is continuing to
undergo significant maturation well into young adulthood (~25 years) (Stiles and Jernigan,
2010). These dynamic changes include substantial cortical remodeling (e.g., decreases in
gray matter volume and neural pruning) and increases in white matter volume (e.g.,
myelination and/or axonal caliber) (Yakovlev and Lecours, 1967; Giedd et al., 1999; Gogtay
et al., 2004; Stiles and Jernigan, 2010). It is suspected that ongoing myelination during
adolescence facilitates faster and more efficient neural transmission and cognitive
processing (Giedd, 2008; Schmithorst and Yuan, 2010; Lebel et al., 2012) which in turn is
related to better behavioral performance (Nagy et al., 2004; Fryer et al., 2008; Qiu et al.,
2008; Schmithorst and Yuan, 2010). Therefore, understanding the effects of substance use
on white matter maturation is important, as aberrant development could have significant
behavioral implications.

In adults, chronic alcohol use has been consistently associated with abnormalities in white
matter volume and integrity (Kril et al., 1997; Pfefferbaum et al., 2000; Pfefferbaum and
Sullivan, 2005; Pfefferbaum et al., 2006). While less research has been done with adolescent
populations, preliminary cross-sectional findings suggest that adolescents with alcohol use
disorders have reduced white matter microstructural integrity (i.e., reduced fractional
anisotropy) in the corpus callosum when compared to non-using teens (Tapert et al., 2003).
In a study of adolescents who did not meet criteria for alcohol abuse or dependence, but did
endorse significant binge drinking, widespread reductions in white matter integrity were
found throughout the brain and were significantly related to greater lifetime hangover and
higher estimated peak blood alcohol levels (McQueeny et al., 2009). While these findings
were consistent with the adult literature, the pervasive effect of binge drinking on white
matter in this sample was surprising, given the adolescent binge drinkers were relatively
healthy, had limited binge drinking histories, and did not meet criteria for an alcohol use
disorder. The microstructural changes reflected in reduced fractional anisotropy (FA) in
these areas could underlie neurocognitive deficits that have previously been associated with
alcohol use during adolescent brain maturation (Tapert et al., 2002; Squeglia et al., 2009)

Marijuana is the second most commonly used intoxicant in adolescence, second to alcohol
(Johnston et al., 2012); therefore it is important for clinical studies on adolescent marijuana
users to examine both alcohol and cannabis use concomitantly. In a cross-sectional study of
adolescents who frequently binge drink and use marijuana, Bava et al. (2009) found that
substance-using adolescents showed decreased FA, or white matter integrity, in fronto-
parietal tracts when compared to non-using adolescents (Bava et al., 2009). In one of few
longitudinal investigations examining combined alcohol and marijuana use, the same
research group found that more alcohol use over 1.5 year follow-up was associated with
poorer white matter at follow-up (decreased FA), controlling for marijuana use and baseline
white matter health (Bava et al., 2013). Together, findings suggest that deleterious effects
might be more attributable to binge drinking than marijuana, as preliminary studies suggest
that cannabis may have a lesser effect on white matter development during adolescence
(Delisi et al., 2006) and may actually serve a neuroprotective role in attenuating the negative
effects of heavy alcohol use on white matter integrity during this critical maturation period
(Jacobus et al., 2009), although this remains quite speculative. As existing white matter
studies from our laboratory and others are largely cross-sectional, it is unclear if differences
between substance users and controls predated the onset or escalation of alcohol and
marijuana use, or emerged as a result of substance use. Furthermore, findings on the longer-
term outcomes and neurodevelopmental trajectories (e.g., white matter) resulting from
repeated consumption of these commonly abused substances from adolescence to young
adulthood are still inconclusive due to limited prospective investigations.
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The aims of this three-year prospective study were to investigate the prolonged effects of
both (1) binge drinking and (2) combined marijuana use and binge drinking on white matter
integrity and neurocognitive functioning in adolescents ages 16-22. Based on previous
findings, we hypothesized that continued binge drinking and marijuana use during mid- to
late-adolescence would be associated with worsened white matter integrity, or decreased
FA. We predicted that individuals continuing to engage in continuous heavy episodic
alcohol and marijuana use over the three time points would show greater white matter tract
disorganization compared to non-using demographically similar controls by approximately
20 years of age, and that these white matter abnormalities would also be associated with
poorer neurocognitive functioning and white matter trajectories over three time points.

2. Methods
2.1 Participants

Adolescents (N = 54; ages 16-19 at baseline) were recruited from local high schools and
then followed for three years (i.e., at baseline and 18-months and 3-years post baseline (36-
months)) (Medina et al., 2007a; Jacobus et al., 2009; McQueeny et al., 2009; Bava et al.,
2010b). Adolescents were classified into one of three groups at 3-year follow-up based on
self-report: those engaging in heavy episodic alcohol use (i.e., binge drinking, =4 drinks on
one occasion for females and =5 drinks for males) and marijuana use (BG+MJ, n = 21),
binge drinking only (BG, n = 17), and control teens consistently reporting (over the course
of three years) minimal alcohol or marijuana use (CON, n = 16) by early adulthood. Binge
drinkers were required to have at least 3 binge episodes since the follow-up visit (controls
reported no binge episodes), range was approximately 3—300 binge drinking episodes for the
BG and BG+MJ groups. Importantly, we selected teens whose substance use patterns
remained relatively stable over the course of three years and compared them to
demographically-similar controls (see Table 1) to best characterize the longer term effects of
binge drinking and marijuana use by late adolescence/early adulthood (ages 19-22) at the
three-year time point. This study builds on our cross-sectional work (Bava et al., 2009;
Jacobus et al., 2009), and the first longitudinal study examining the influence of substance
use on brain white matter (i.e., Bava et al., 2013), by adding a third wave of data at a 3-year
follow-up, and is our first longitudinal study to separately evaluate binge drinkers from
those with marijuana and alcohol use from adolescence to early adulthood.

Due to MRI scanner upgrades early in the study protocol, of the 54 teens identified at three-
year follow-up who reported consistent substance use (or non-use) histories (i.e., reported
the same pattern of use over three years) those individuals with valid diffusion tensor
imaging (DTI) data at baseline included 39 individuals (BG+MJ, n= 16, BG, n=17, CON,
n = 6) and those individuals with valid DTI data at 18-month follow-up included 46
individuals (BG+MJ, n= 18, BG, n=17, CON, n = 11). All subjects had valid substance use
and neuropsychological data at baseline, 18-month, and 3-year follow-up, with the exception
of 3 individuals who were not available for an 18-month follow-up neuropsychological
assessment (1 control and 2 BG+MJ; please see Figure 1 for clarification on study timeline
and detailed sample sizes for measures at each time point). Exclusionary criteria were:
history of a lifetime DSM-IV Axis | disorder (other than cannabis or alcohol abuse or
dependence), history of learning disability, history of neurological disorder or head trauma
with loss of consciousness >2 minutes, history of a serious physical health problem,
complicated or premature birth including prenatal substance use; uncorrectable sensory
impairments; left handedness; MRI contraindications, and use of psychoactive medications
at project intake.

At project enrollment, marijuana users were required to have > 200 lifetime marijuana use
episodes for eligibility, controls (and binge drinkers) were required to have < 10 lifetime
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marijuana use episodes. Controls were required to have < 20 lifetime alcohol use episodes
and binge drinkers were required to have < 150 lifetime alcohol use episodes (see Figure 2).
Approximately 30% of the binge drinkers met criteria for alcohol abuse over the three years
of the study and approximately 53% of the marijuana users met criteria for alcohol abuse. Of
the marijuana users the vast majority of the sample met criteria for marijuana abuse/
dependence throughout the study (95%).

2.2 Procedures

Following recruitment, eligible teens and parents received both written consent and assent
forms. Teens underwent weekly toxicology for four weeks prior to beginning the study
protocol (and at each follow-up visit) to confirm abstinence at each testing and scan session.
Teens received comprehensive neuropsychological evaluations, a DTI session, and detailed
substance use interviews at baseline, 18-month follow-up, and 3-year follow-up. Parents
were also interviewed to corroborate demographic, psychosocial functioning, and substance
use reports of youth. If self-report and collateral data are discrepant, data are coded to reflect
the presence of substance use.

2.3 Neuropsychological battery

Standardized neuropsychological tests examining the well-established domains of complex
attention, processing speed, verbal memory, visuospatial functioning, and executive
functioning (Lezak et al., 2004) were composited from the following neurocognitive tests to
reduce the number of dependent variables (Medina et al., 2007a): 1) complex attention:
California Verbal Learning Test-1l Trial 1 and Trial 1-5 Total Recall (CVLT-II; (Delis et
al., 2001)); Wechsler Adult Intelligence Scale- Third Edition (WAIS-I11, (Wechsler, 1997b))
Digit Symbol, Arithmetic, and Digit Span Backward subtests; Paced Auditory Serial
Addition Test (PASAT; (Gronwall, 1974)); 2) processing speed: Delis-Kaplan Executive
Function System Trail Making Test Number Sequencing, Letter Sequencing, and Motor
Speed subtests (DKEFS, (Delis and Kaplan, 2000)); 3) verbal memory: Wechsler Memory
Scale-Third Edition (WMS-II1, (Wechsler, 1997a)) Logical Memory I, Il, and Recognition;
CVLT-II Short and Long Delay Free Recall, CVLT-II Recognition (Delis et al., 2001); 4)
visuospatial functioning: Rey-Osterrieth Complex Figure Copy and Delay Accuracy (Rey-
O, (Rey and Osterrieth, 1993)), Wechsler Abbreviated Scale of Intelligence Block Design
subtest (WASI, (Wechsler, 1999)); and 5) executive functioning: DKEFS Trial Making Test
Number-Letter Switching, Tower Test Achievement and Accuracy, and Verbal Letter
Fluency subtests (Delis and Kaplan, 2000).

After developing composite categories, individual z-scores were created for each subject for
each neuropsychological variable at each time point based on the whole sample of
adolescents and corresponding standard deviations (N = 54 for baseline and 3-year follow-
up, N =51 for 18-month follow-up). Next, z-scores within each domain were averaged to
create the final composite z-score for each of the five domains at each time point. A global
neurocognitive functioning z-score was also created for each time point by averaging the
composite scores for each cognitive domain, resulting in a global neurocognitive functioning
z-score for baseline, 18-month follow-up, and 3-year follow-up. Cronbach’s alpha
coefficients were used to assess internal consistency (a > .50, values ranged from .50-.80).
Individual neuropsychological performance variables were standardized for age and sex
prior to being converted to z-scores (i.e., CVLT-11, WAIS-11l, DKFS, WMS-I11)(Medina et
al., 2007a).

2.4 Substance use assessments and mental health assessment

The Customary Drinking and Drug Use Record was used to assess quantity and frequency of
lifetime alcohol, marijuana, cigarette, and other illicit drugs (Brown et al., 1998) including
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amphetamines, hallucinogens, cocaine, opiates, benzodiazepines, ecstasy, ketamine, and
GHB. The Timeline Followback was used to assess self-reported substance use in the 28
days prior to each scan session (Sobell and Sobell, 1992). The Beck Depression Inventory
(BDI) (Beck, 1978) and Spielberger State Trait Anxiety Inventory (STAI) (Spielberger et
al., 1970) assessed depressive symptoms and state anxiety. The Adult Self-Report (ASR),
part of the Achenbach assessment system, was completed by participants at 3-year follow-up
to assess internalizing and externalizing psychopathology (Achenbach and Rescorla, 2001).

2.5 Diffusion tensor imaging (DTI)

Participants were imaged at all three time points on a 3T General Electric CXK4 short bore
Excite-2 MR system with an 8-channel phase-array head coil (General Electric Medical
System, Milwaukee, WI, USA) at the University of California, San Diego. A 10-second
scout session was included in the protocol to assure good head placement. DTI encoding
included a single-shot dual spin echo excitation sequence averaged over four volumes (15
directions, TE/TR =93/12,000ms, FOV 240 mm, matrix = 128x128, 36 contiguous slices, 3
mm slice thickness, b-value = 2000 s/mm?2). Two field maps (TE/TR = 3.8/1,000 ms) were
collected and applied to account for inhomogenities in the magnetic field (Andersson and
Kare, 2002).

All DTI data were corrected for eddy current distortion and head motion using Functional
Magnetic Resonance of the Brain (FMRIB) Software Package FSL (Smith et al., 2004).
Affine registration with six degree of freedom was used to correct for eddy current
distortions and head motion by registration of the 15 direction files to the BO image file
(FLIRT-FMRIB’s Linear Registration Tool) (Jenkinson et al., 2002). FSL’s PRELUDE
(Phase Region Expanding Labeler for Unwrapping Discrete Estimates) (Jenkinson, 2003)
and FUGUE (FMRIB’s Utility for Geometrically Unwarping EPIs) (Jenkinson and Smith,
2001) tools were used to correct for field distortions.

Fractional anisotropy was calculated using FMRIB’s Diffusion Toolbox (Behrens et al.,
2003). White matter tracts common to all participants were identified using Tract-Based
Spatial Statistics (TBSS) (Smith et al., 2006). This involves individual FA maps from all
participants from all three time points registered to a standard template in MNI-152 standard
space. Images are averaged across participants to create a mean FA image from which a
white matter skeleton is derived that represents common tracts to all participants. FA values
were thresholded at FA > 0.2 to minimize partial volume effects (Smith et al., 2006).

2.6 Data analyses

2.6.1 Demographic comparisons—ANOVA and Chi-square tests were run between
groups to evaluate differences on demographic variables and to identify appropriate
covariates for subsequent analysis.

2.6.2 DTl analyses—Whole brain voxelwise statistical analysis of variance (AFNI
3dANOVA) identified between-group differences across all subjects at the 3-year follow-up
assessment (approximately age 20). Multiple comparisons were corrected with voxel
probability and cluster size thresholding using Monte Carlo simulations. Only clusters =21
pl (21 contiguous 1 x 1 x 1 mm voxels) with an individual voxel effect of a<0.01 were
interpreted, yielding a brain-wise a<0.05 of finding such a cluster under the null hypothesis.
Next, all significant clusters were extracted for follow-up repeated measures analysis in IBM
SPSS Statistics Version 20. Specifically, mean FA values within each cluster showing
statistically significant between-group differences at 3-year follow-up were extracted from
each individual at each time point to examine the white matter trajectories of these
statistically significant clusters from baseline to 18-month follow-up, and 18-month follow-
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up to 3-year follow-up. Due to limited valid DTI data at baseline for several controls (n =6)
repeated measures analysis was performed for BG and BG+MJ only to help elucidate the
white matter trajectories of these regions in our substance users over the course of three
years.

2.6.3 Neuropsychological performance—Repeated measures analysis of variance
(ANOVA) examining the within group and between group effects of global neurocognitive
functioning were examined at each time point, as well as the group by time interaction
effect. If a main effect or interaction was found to be significant, the analysis was followed-
up and re-ran with each individual domain score to determine what cognitive ability was
driving the relationship.

2.6.4 Secondary analyses—A series of bivariate regression analyses were conducted to
evaluate if white matter indices were related to either neuropsychological global composite
scores and/or change in composite scores at each corresponding time point. If significant
bivariate correlations were identified, then hierarchical linear regressions were run
specifying the neurocognitive composite score as the dependent variable, the identified
white matter index on step 1 (FA value) and group, and the corresponding interaction term
with group (white matter x group) on step 2 in order to understand if the relationship
between white matter (WM) and neuropsychological performance was moderated by group
status.

Bivariate correlations were also examined between global neuropsychological performance
at each time point and total drinking episodes since last follow-up visit, total marijuana use
episodes since last follow-up visit, average alcohol and marijuana use per month since last
follow-up visit, and total other substance use episodes since last follow-up visit (e.g.,
cocaine, heroin, ecstasy) for each corresponding time point.

Groups did not differ on age, gender, or emotional functioning at 3-year follow-up (ps >
0.05, see Table 1). Groups differed on externalizing symptoms, as BG+MJ reported more
externalizing behaviors in the past six months compared to BG and CON (p < 0.05). Groups
differed on substance use episodes besides marijuana and alcohol, as expected. Specifically,
BG+MJ reported more other-drug use episodes and cigarette use (p < 0.05) compared to
CON and BG.

One-way ANOVA identified fifteen clusters within projection, association, and
interhemispheric fiber tracts that differed between groups at the 3-year follow-up (see Table
2, ps < 0.01, corrected). Follow-up pairwise comparisons (Bonferroni corrected) identified
higher FA values in the control group as compared to BG and BG+MJ groups across 14
significant clusters. In one cluster (cluster 15), higher FA values were found in the control
compared to BG only, and higher FA values were found in BG+MJ compared to BG.
Limited differences were found between the user groups, except for one cluster in the right
uncinate fasciculus in which BG+MJ had higher values compared to BG (see Table 2).

A repeated measures ANOVA was used to examine the white matter trajectories of these
clusters in the user groups only (i.e., BG and BG+MJ) over the course of three-year follow-
up intervals (see Figure 3). Given the limited control data available at baseline (n = 6), these
individuals were not included in the repeated measures analysis, although their FA data from
3-year follow-up was included in Figure 3 (across all time points) to provide a reference
point. We found a main effect of time in all clusters examined within the users F5 31 = 9.9 to
36.1; ps < 0.01, excluding cluster 8 (anterior limb of internal capsule) (no main effect of
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group or group by time interactions were found). Follow-up comparisons (Bonferroni
corrected) revealed decreased FA from baseline to 3-year follow-up in all clusters, excluding
clusters 2 and 8. Decreases from 18-month follow-up to 3-year follow-up were seen in
cluster 2, as well as cluster 4 and 14 (ps < 0.01).

A repeated-measures ANOVA was also used to examine global neurocognitive functioning
at baseline, 18-month follow-up and 3-year follow-up, which revealed a group by time
interaction (F(4, 96) = 2.6, p = 0.04), whereas subtle global neurocognitive differences were
observed between groups at the 18-month follow-up between BG+MJ and BG (p = 0.01)
that was no longer observed at 3-year follow-up. Prior to a substantial alcohol use increase,
those binge drinkers who would later transition to even heavier episodic drinking showed
higher global cognitive functioning scores compared to marijuana users at 1.5 years. Follow-
up analyses corrected for multiple comparisons did not reveal a particular domain (e.g.,
executive functioning, processing speed, etc.) driving this relationship (ps > 0.05, see Figure
4).

There were no significant relationships between global neurocognitive performance at each
time point and corresponding WM clusters or global neurocognitive performance at each
time point and dose-dependent substance use variables using both transformed or
untransformed substance use variables (ps > 0.05); however we saw a relationship between
change in global neurocognitive functioning from 18-month to 3-year follow-up- and WM
integrity in the right superior longitudinal fasciculus (r = .38, p < 0.01), as improved global
cognitive functioning from 18-month follow-up to year 3 follow-up was associated with
better white matter integrity at year 3 follow-up; this relationship was not moderated by
group status and remained significant after controlling for baseline performance (see Figure
5).

4. Discussion

In this investigation, we hypothesized that adolescents who engage in both heavy episodic
drinking and/or marijuana use over the course of three years would demonstrate poorer
white matter integrity by approximately 20 years of age, compared to controls with minimal
substance use histories by late adolescence/early adulthood. We found evidence to support
this hypothesis in 15 white matter clusters, including association fiber tracts (e.g., superior
longitudinal fasciculus, uncinate fasciculus), projection fiber tracts (e.g., regions of the
corona radiata), and interhemispheric tracts (e.g., splenium, genu). Notably, we found a
main effect of time for all significant clusters for the users, as most clusters showed
significantly decreased FA from baseline to 3-year follow-up. Further, we found preliminary
evidence that poorer global neurocognitive performance, as measured by a change from 18-
month follow-up to 3-year follow-up was related to poorer white matter integrity within a
large white matter tract connecting frontal and parietal brain regions (i.e., superior
longitudinal fasciculus) at approximately 20 years of age.

Interestingly, we did not see substantial differences in white matter integrity between our
two user groups, or correlations between neuropsychological performance and substance use
severity (e.g., lifetime drinking occasions, marijuana occasions). However, global
neurocognitive functioning showed a group by time interaction; at 18-month follow-up,
adolescents who engaged in binge drinking demonstrated better global cognitive
performance than their marijuana-using counterparts, but this was no longer observed at the
3-year follow-up. While direct dose-dependent relationships with substance use variables
were not observed here (linking cumulative use over interscan interval to cognitive
performance), the decline in mean cognitive performance among binge drinkers is emerging
during a time period when binge drinkers are substantially increasing monthly intake from
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17 drinks per month at 18-month follow-up to 45 drinks per month at 3-year follow-up.
Thus, it is possible that this increased drinking accounts for a slight decline in their once
more superior cognitive performance.

Our findings suggest two important considerations: 1) teens without a history of alcohol use
and/or marijuana use show better white matter integrity compared to those with reported
substance use histories of alcohol and marijuana (Jacobus et al., 2009); and 2) despite
engaging in subdiagnostic binge drinking (as opposed to meeting alcohol dependence
criteria), these adolescents show poorer white matter integrity than controls, and similar
white matter architectural profiles as teens with even heavier alcohol use histories as well as
heavy marijuana use. This finding underscores the potential deleterious effects of heavy
episodic alcohol use during adolescent neurodevelopment, and the important role it may
play in altering neurodevelopmental trajectories.

Our research has consistently shown poorer white matter integrity in adolescent alcohol
users compared to matched controls reflected in decreased FA values (Jacobus et al., 2009;
McQueeny et al., 2009; Bava et al., 2010a) during age periods in which the literature widely
suggests increasing FA in healthy non-using adolescents as fiber tracts mature (Giorgio et
al., 2008; Schmithorst and Yuan, 2010; Stiles and Jernigan, 2010; Tamnes et al., 2010;
Lebel et al., 2012). We have also seen alterations in macrostructural integrity (e.g., cortical
thickness, (Squeglia et al., 2012b) and functional brain activation patterns (Schweinsburg et
al., 2011) in teens with similar alcohol use profiles, as well as declines in cognitive status
(Squeglia et al., 2009; Mahmood et al., 2010). In a previous investigation, Jacobus et al.
(2009), we found that adolescent alcohol users (approximately 17 years old) demonstrated
poorer white matter integrity compared to not only matched controls, but to heavy marijuana
users with similar levels of alcohol use.

This finding is important given that in previous investigations (e.g., Bava et al., 2009), our
subdiagnostic binge drinkers were not separated from non-using controls (defined only by
their lack of marijuana use), so an alcohol effect may have been undetected. Therefore, we
concluded that teens with both marijuana and alcohol use histories had poorer white matter
integrity compared to those controls with minimal use (including minimal alcohol use/binge
drinking). A follow-up cross-sectional investigation (Jacobus et al., 2009) provided
preliminary evidence that moderate binge drinkers may, have different outcomes than
controls with minimal to no alcohol exposure. Interestingly, Bava et al. (2013) found that
cumulative alcohol use in the larger sample (and not marijuana use) predicted poorer follow-
up white matter integrity (1.5 year follow-up) in the superior longitudinal fasciculus and
thalamic fiber tracts. This is notable given that we saw some evidence for improved
cognitive performance associated with better white matter integrity by approximately 20
years of age in present study. While the present follow-up investigation did not find the
same surprising differences first seen between our user groups in Jacobus et al. 2009, we
observed consistently poorer tissue integrity across the brain by 20 years of age in both user
groups compared to non-using controls in several similar brain regions as observed in Bava
et al., 2009, 2013 and Jacobus et al., 2009 (e.g., superior longitudinal fasciculus, corona
radiata). Given that these individuals engaged in their substance use patterns consistently
over three-years (confirmed by in-person assessment at 3 time points), we anticipated the
cumulative use to impact white matter health in both of these groups. However it remains
surprising that our marijuana users do not show a marked decrease in tissue integrity
compared to the binge drinkers given their consistent and heavy co-occurring use. The lack
of large differences between the user groups highlights the potentially adverse effects of
repeated alcohol consumption on development, and calls attention to the need for more
research on the neurotoxic effects of marijuana.
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Preclinical studies have shown alcohol use to have neurotoxic effects on the brain in both
adult and adolescent animals. Activation of proinflammatory markers may be the result of
repeated alcohol intoxication, leading to neurodegeneration and/or inhibition of
neurogenesis, important during ongoing neural development (Crews and Nixon, 2009).
While it is difficult to say how alcohol and inflammation likely impacts diffusion estimates
and white matter per se, FA is speculated to reflect increased coherence and compactness of
fiber tracts, and inflammatory processes could lead to changes in the intra/extracellular
environment and myelination (i.e., decreased FA) thought important for communication
between brain regions and optimal cognitive processing. It is important to point out that pre-
existing differences and/or more rapid brain maturation for some individuals (i.e., the
substance users), in areas implicated in reward such as subcortical/limbic regions, could be
accounting for the observed morphological differences (Berns et al., 2009; Somerville and
Casey, 2010; Steinberg, 2010; Sturman and Moghaddam, 2011), lending some to use
substances earlier in development and therefore evidence white matter decline more rapidly
into early adulthood.

The biological mechanisms of marijuana-related neurotoxicity are not as well characterized.
For instance, in our laboratory and others, findings have been mixed. We have seen poorer
cognitive performance in adolescent marijuana users (Medina et al., 2007a; Churchwell et
al., 2010) alterations in macrostructural volume (Medina et al., 2009; Medina et al., 2010;
Lopez-Larson et al., 2011; McQueeny et al., 2011; Cousijn et al., 2012) and to some degree,
poorer white matter integrity (Gruber and Yurgelun-Todd, 2005; Bava et al., 2009).
However, we have also observed minimal findings in terms of brain structural changes
(Block et al., 1999; Medina et al., 2007b) and learning and memory performance (Mahmood
et al., 2010). Alterations in the endocannabinoid system, which plays a role in influencing
developmental processes by modulating neurotransmitter activity, may lead to changes in
neural circuits (neurochemical changes, structural changes), that can impact processes such
as synaptogenesis, pruning, and myelination (Rubino and Parolaro, 2008; Realini et al.,
2009) resulting in cognitive and emotional changes. While our previous investigation
speculated the potential for neuroprotective properties of marijuana from a neurobiological
perspective (Jacobus et al., 2009), it is important to point out we do not see strong evidence
of neuroprotection in this study, as significant differences between the user groups are not
observed here by age 20, and the evidence suggest that neither heavy alcohol or marijuana
benefits the developing brain. The limited differences observed between the user groups is
interesting, and further research on the neurobiological role of marijuana in combination
with other substances (e.g., alcohol) is needed to better understand how marijuana may exert
detrimental or protective effects on the brain in general.

Limitations of this investigation include modest sample size, limitations of self -report data,
and variations in internal consistency of the neurocognitive domains, which may bias
statistical estimates. There is also very limited control data at the baseline time point.
Additionally, as several correlational analyses were examined, this does increase the risk of
Type | error; therefore replication of these findings is important, particularly the preliminary
findings between change in cognitive functioning and white matter integrity at 3-year
follow-up. Adolescents were assessed after initiation of substance use, therefore pre-existing
developmental differences may account for the findings discussed (Norman et al., 2011;
Squeglia et al., 2012a), although it is very difficult to disentangle neurodevelopmental
changes from alcohol/drug changes. Similarly, existing demographic differences (e.g., race/
ethnicity, family history, socioeconomic status) may contribute to the developmental
trajectories observed in these groups, and differences in unmeasured factors could contribute
to neurocognitive changes, although between group differences were not observed in
depression or state anxiety in this sample. Further, the alcohol and marijuana users reported
slightly more other lifetime substance use episodes (e.g., limited use episodes of
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amphetamine use, ecstasy), and while this is unlikely to account for the differences observed
it remains a possibility. Additional information on marijuana and alcohol consumption (e.g.,
if frequently used simultaneously, etc.), along with tobacco use, should be obtained in
follow-up studies to address how this may differentially impact neural development.

Future work should focus on understanding and parsing pre-existing developmental
differences. Furthermore, family history of an alcohol use disorder as well as gender
(Herting et al., 2010; Herting et al., 2012) have both been shown to play a significant role in
brain development and future work should focus on to what degree these important factors
play a role in microstructural and macrostructral integrity in adolescent substance users.
Expansion of this work may also include additional diffusion estimates such as axial, radial,
and mean diffusivity, along with the addition of restriction spectrum imaging, which could
describe changes in white matter (e.g., changes in myelin and/or intra- and extracellular
fluid). Multi-modal imaging is becoming increasingly important as we work to integrate
imaging findings, we are hopeful that future investigations will combine structural,
functional, and diffusion markers to give us a better understanding of the complex
relationships between adolescent alcohol use, marijuana use, and neurodevelopment.
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Timeline of study procedures and corresponding sample sizes for valid data at each time

point.
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Figure 2.

Substance use characteristics, (N = 54) at baseline, 18-month follow-up (1.5 Years), and 3-
year follow-up.
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Selected regions demonstrating between group differences at year 3. Repeated measures
ANOVA performed within user groups only at all three time points. Controls not included in
repeated measures analysis, FA values from 3-year follow-up represented at each time point
for controls and included in figure as reference point only.
*p<0.01, corrected, between group differences at 3-year follow-up
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Observed global neuropsychological performance at baseline, 18-month follow-up and 3-
year follow-up (Controls (CON), n = 15; Binge Drinkers (BG), n = 17; Binge Drinkers with

Heavy Marijuana Use (BG+MJ), n = 19)
*p<0.01
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Figureb.

White matter integrity in the right superior longitudinal fasciculus at three-year follow-up
and change in global neuropsychological functioning from 18-month follow-up to three-year
follow-up (N = 51; Controls (CON), n = 15; Binge Drinkers (BG), n = 17; Binge Drinkers
with Heavy Marijuana Use (BG+MJ), n = 19)
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Table 1

Demographic characteristics of participants at 3-year follow-up, unless noted otherwise

CON BG BG+MJ

n=16 n=17 n=21

M(SD) M(SD) M(SD)
Age (range), Baseline 17.9 (16-19) 17.9 (16-19) 17.9 (16-19)
Age (range), Year 1.5 19.4 (17-20) 19.3 (17-20) 19.4 (17-20)
Age (range), Year 3 20.9 (19-22) 20.9 (19-22) 20.9 (19-21)
% Male 50% 64% 62%
% Caucasian 56% 88% 76%
Grade Point Average 3.1(0.6) 3.5(0.3) 3.2(0.6)
Household Income (range) 85K (21-183K) 147K (50-320K) 135K (24-420K)
%Family History negative for substance disorder 44% 59% 29%
Vocabulary T-score at baseline 57.7 (10.9) 60.7 (8.5) 59.9 (8.7)
Beck Depression Inventory Total, Baseline 1.7 (2.8) 1.8(2.2) 2.8(3.5)
Beck Depression Inventory Total, Year 1.5 1.6 (2.8) 23(2.9) 22(2.8)
Beck Depression Inventory Total, Year 3 1.2(1.3) 16(2.7) 3.2(5.3)
Spielberger State Anxiety T-score, Baseline 37.4 (5.0) 37.1(4.3) 39.0 (6.7)
Spielberger State Anxiety T-score, Year 1.5 38.7 (5.2) 38.1(6.9) 35.8(5.3)
Spielberger State Anxiety T-score, Year 3 36.7 (6.1) 34.3(3.9) 38.1(7.0)
Externalizing T-score T+ 46.2(7.0) 420(9.7) 53.3(7.5)
Internalizing T-score 39.8 (8.0) 40.6 (9.7) 44.6 (10.7)
Age of initiation of regular alcohol consumption - 14.0 (7.9) 14.0 (6.3)
Total Binge Drinking Episodes - 70.1(75.2) 99.9 (105.3)
Cigarettes smoked per day, past 1.5 years T+ 01(0.3) 0.0(0.0) 08 (1.5)

T BG+MJ > CON; p < 0.05

¥ BG+MJ > BG; p <0.05
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