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Abstract

Background—Both Attention Deficit Hyperactivity Disorder (ADHD) and chronic cannabis
(CAN) use have been associated with brain structural abnormalities, although little is known about
the effects of both in young adults.

Methods—~Participants included: those with a childhood diagnosis of ADHD who were CAN
users (ADHD_CAN; n=37) and non-users (NU) (ADHD_NU; n=44) and a local normative
comparison group (LNCG) who did (LNCG_CAN; n=18) and did not (LNCG_NU; n=21) use
CAN regularly. Multiple regressions and MANCOVAS were used to examine the independent and
interactive effects of a childhood ADHD diagnosis and CAN group status and age of onset (CUO)
on subcortical volumes and cortical thickness.

Results—After controlling for age, gender, total brain volume, nicotine use, and past-year binge
drinking, childhood ADHD diagnosis did not predict brain structure; however, persistence of
ADHD was associated with smaller left precentral/postcentral cortical thickness. Compared to all
non-users, CAN users had decreased cortical thickness in right hemisphere superior frontal sulcus,
anterior cingulate, and isthmus of cingulate gyrus regions and left hemisphere superior frontal
sulcus and precentral gyrus regions. Early cannabis use age of onset (CUO) in those with ADHD
predicted greater right hemisphere superior frontal and postcentral cortical thickness.

Discussion—Young adults with persistent ADHD demonstrated brain structure abnormalities in
regions underlying motor control, working memory and inhibitory control. Further, CAN use was
linked with abnormal brain structure in regions with high concentrations of cannabinoid receptors.
Additional large-scale longitudinal studies are needed to clarify how substance use impacts
neurodevelopment in youth with and without ADHD.

Keywords

ADHD; ADHD persistence; cannabis; marijuana; early onset; young adults; MRI; cortical
thickness

1. INTRODUCTION

Attention-Deficit/Hyperactivity Disorder (ADHD) is the most common neurodevelopmental
disorder in childhood, with worldwide prevalence estimated at 5.3% (Polanczyk et al.,
2007). ADHD is characterized by developmentally inappropriate inattention, impulsiveness,
and hyperactivity (DSM-5). Meta-analyses have found several cognitive deficits associated
with ADHD, especially in sustained attention and executive functions such as working
memory, response inhibition, risky decision-making, and planning and shifting (Hervey et
al., 2004; Lijffijt et al., 2005; Oosterlaan et al., 1998; Willcutt et al., 2005, 2012). Consistent
with these deficits in executive functioning, individuals with childhood diagnosis of ADHD
demonstrate comorbidity with substance use disorders (SUD), including increased risk for
earlier onset of substance use (e.g., Charach et al., 2011; Lee et al., 2011; Molina et al.,
2007; Sullivan and Rudnik-Levin, 2001), including cannabis (CAN) use (Lee et al., 2011,
Molina et al., 2013; Pingault et al., 2013). Of concern, CAN use is on the rise in the United
States, with 23% of high school seniors and approximately 20% of college students
reporting past month use (Johnston et al., 2015). Cannabis is independently associated with
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neurocognitive deficits, especially in prefrontal regions (Lisdahl et al., 2014); therefore,
CAN exposure may be particularly concerning in youth with ADHD.

ADHD in childhood and early adolescence appears to affect several neuronal regions, with
abnormalities seen in the prefrontal cortex (PFC), anterior (ACC) and posterior cingulate
cortex, basal ganglia, insula, cerebellum and parietal, temporal and occipital cortices
(Castellanos and Proal, 2012; Castellanos et al., 2003; Cherkasova and Hechtman, 2009;
Frodl and Skokauskas, 2012; Pastura et al., 2011; Peng et al., 2013). Adolescence is marked
by ongoing neurodevelopment, including pruning of the cortical gray matter and increases in
white matter (Barnea-Goraly et al., 2005; Bava et al., 2010; Giedd et al., 1999; Giorgio et
al., 2010; Gogtay and Thompson, 2010; Jernigan et al., 1991; Simmonds et al., 2014; Sowell
etal., 2002; Toga et al., 2006). It has been proposed that brain structural abnormalities in
childhood ADHD represent a delay in this neuromaturation, as one large prospective
longitudinal study demonstrated that children with ADHD had a marked delay in cortical,
especially in PFC regions, compared to controls (Shaw et al., 2007). Some have suggested
that as children with ADHD age through adolescence, brain differences normalize. Indeed,
some cross-sectional and longitudinal studies have noted childhood ADHD structural
abnormalities in striatal regions improve as they transition to adolescence (Castellanos et al.,
2002; McAlonan et al., 2009). Therefore, studying the neurocognitive correlates of ADHD
in children may not generalize to adolescents and young adults.

Around half of those with childhood ADHD will demonstrate persistent ADHD symptoms
into adulthood (Barkley et al., 2002), chiefly related to inattention (Faraone et al., 2006).
Persistent adult ADHD is linked with poorer academic achievement and underemployment
(Pingault et al., 2011; Polderman et al., 2010). In a prospective longitudinal study following
152 children with ADHD and 139 matched controls, Castellanos and colleagues (2002)
noted that abnormalities observed in childhood ADHD in the PFC, temporal, and cerebellar
regions continued to be abnormal as the cohort aged into adolescence. Consistent with these
findings in another longitudinal study, Shaw and colleagues (2014) found that individuals
with ADHD demonstrated abnormal striatal development from childhood into adolescence
compared to controls (Shaw et al., 2014).

Studies conducted in adults with ADHD (which have been primarily cross-sectional,
disproportionately male, and the majority above age 25) suggest that enduring symptoms
result from permanently reduced cortical thickness or volumes in several brain regions.
These include the frontal cortex: superior frontal gyrus (Almeida et al., 2010; Biederman et
al., 2008; Makris et al., 2007; Proal et al., 2011; Seidman et al., 2006), dorsolateral
prefrontal cortex (DLPFC; Makris et al., 2007), precentral gyrus (Proal et al., 2011; Almeida
Montes et al., 2013; Makris et al., 2007), ACC (Amico et al., 2011; Biederman et al., 2008;
Makris et al., 2007; Proal et al., 2011; Seidman et al., 2006), inferior frontal gyrus (IFG;
Depue et al., 2010), middle frontal gyrus (Proal et al., 2011) and orbitofrontal cortex (OFC;
Hesslinger et al., 2002; Almeida Montes et al., 2013). Reduced volume and thickness have
been noted in other cortical regions, including the occipital cortex (Ahrendts et al., 2011;
Proal et al., 2011), parietal cortex [postcentral gyrus (Almeida Montes et al., 2013), inferior
parietal (Makris et al., 2007; Proal et al., 2011), precuneus (Proal et al., 2011), superior
parietal (Almeida Montes et al., 2013), and temporal pole (Proal et al., 2011). Subcortical
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regions that are abnormal in adults with ADHD include the caudate (Almeida et al., 2010;
Almeida Montes et al., 2010; Onnink et al., 2014; Proal et al., 2011; Seidman et al., 2011),
amygdala (Frodl et al., 2010), hippocampus in medicated individuals (Onnink et al., 2014),
nucleus accumbens (Seidman et al., 2006), and cerebellum (Biederman et al., 2008).
Therefore, studies in adults with persistent ADHD have found brain structural abnormalities
that are also seen in childhood (Castellanos et al., 2003; Castellanos and Proal, 2012;
Cherkasova and Hechtman, 2009; Frodl and Skokaukas, 2012; Pastura et al., 2011; Peng et
al., 2013). However, it is notable that most of these studies included samples that were, on
average, older than twenty-five years of age (Ahrendts et al., 2011; Almeida et al., 2010;
Almeida Montes et al., 2010; Amico et al., 2011; Biederman et al., 2008; Clerkin et al.,
2013; Frodl et al., 2010; Hesslinger et al., 2002; Makris et al., 2007; Mattfeld et al., 2014;
Onnink et al., 2014; Perlov et al., 2008; Seidman et al., 2011, 2006; Almeida Montes et al.,
2013) when most gray matter neuromaturation is complete (e.g., Giedd et al., 1999) and in
older samples, gray matter may be reducing due to aging. For example, older adults may
actually be demonstrating more rapid reductions in gray matter and white matter compared
to younger samples. Further, middle-aged or older adults with ADHD may have different
comorbidity profiles (e.g., more severe SUD or metabolic disorders), or more severe
trajectories than those who demonstrate remission of symptoms during adolescence or
young adulthood. Therefore, studies in middle-aged adults may not necessarily generalize to
adolescents and young adults who were diagnosed with ADHD in childhood.

Two longitudinal studies, to date, have focused on brain structural differences in those who
had persistent versus remitted ADHD as they age into late adolescence and young adulthood
(Proal et al., 2011; Shaw et al., 2013). Shaw and colleagues (2013) followed a cohort of 92
participants with childhood ADHD who received a structural MRI at baseline (average age
10) and again in young adulthood (average age 24). Of those with childhood ADHD, 37 had
persistent ADHD while 55 remitted. They found that in the young adults, the number of
ADHD symptoms was positively correlated with cortical thinning in frontal (cingulate
cortex, medial PFC, paracentral gyrus), parietal (precuneus, postcentral gyrus), and fusiform
(Shaw et al., 2013) regions. In a similar study, Proal and colleagues (2011) found that males
diagnosed with childhood ADHD that persisted into adulthood (n=17) demonstrated thinner
cortex in frontal (precentral, middle frontal, frontal pole, ACC) and occipital regions
compared to controls and those with remitted ADHD (n=26). Although this cohort was
followed through age 25, the neuroimaging analysis was conducted when the cohort was age
41. Thus, like most of the cross-sectional studies, results may be specific to middle-
adulthood. In summary, both longitudinal studies suggest that structural abnormalities
observed in childhood ADHD are seen in persistent adult ADHD, especially in frontal (Proal
et al., 2011; Shaw et al., 2013) and parietal (Shaw et al., 2013) regions.

Despite the aforementioned comorbidity between ADHD and SUD, it is notable that most
studies examining the impact of adult ADHD on brain structure did not exclude for SUD
(Almeida et al., 2010; Almeida Montes et al., 2013; Biederman et al., 2008; Hesslinger et
al., 2002; Makris et al., 2007; Proal et al., 2011; Seidman et al., 2006, 2011). Others that did
exclude for SUD, but did not examine the potential impact of frequent CAN or binge
drinking exposure on brain structure (Ahrendts et al., 2011; Amico et al., 2011; Depue et al.,
2010; Frodl et al., 2010; Perlov et al., 2008; Onnink et al., 2014). Only one study to our
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knowledge (Proal et al., 2011) statistically examined the impact of alcohol use disorders
(AUD) and SUD (a mixed variable primarily including CAN use disorders) on brain
structure (this investigation did not yield a significant relation between AUD/SUD and brain
structure). Importantly, Proal et al. did not specifically examine how frequency of CAN or
binge drinking might influence brain structure- an important variable when examining
neurocognitive effects (Lorenzetti et al., 2014). As a result, it is impossible to rule out the
potential impact of CAN, especially given the average age of CAN use initiation is between
15-16 (Degenhardt et al., 2008) and CAN is the most commonly used illicit drug in
individuals with ADHD (Lee et al., 2011; Molina et al., 2013).

Disruption of the endogenous endocannabinoid system by exogenous CAN exposure may be
particularly concerning in youth with ADHD, who may already demonstrate a
neurodevelopmental lag (e.g., Castellanos et al., 2002; Shaw et al., 2014, 2007). The major
psychoactive ingredient of CAN, THC (delta-9-tetrahydrocannabinol), produces its effects
through attaching to the cannabinoid 1 receptor (CB1) in the brain. In humans, CB1
receptors are localized on both axons and glial cells (Mackie, 2005) and demonstrate high
density in the PFC, parietal, limbic, and striatal regions (Terry et al., 2009). Daily young
adult CAN users have demonstrated significant downregulation of the CB1 density
throughout the cortex, cingulate, insula, hippocampus, and parahippocampal gyrus
(Hirvonen et al., 2012). The endogenous endocannabinoid system undergoes developmental
changes during the adolescence, when the CB1 density peaks (Belue et al., 1995; Howlett et
al., 2002) and some have argued that the endocannabinoid system plays a direct role in
neurodevelopment, moderating neurotransmitter release, neurogenesis, and regulating glial
cell activity (Viveros et al., 2005). Indeed, studies have shown that the adolescent brain may
be particularly sensitive to CAN effects; preclinical research has reported increased cellular
changes associated with THC (delta-9-tetrahydrocannabinol; the major psychoactive
component of CAN) exposure during adolescence compared to adulthood (Cha et al., 2006;
Kang-Park et al., 2007; Quinn et al., 2008; Rubino and Parolaro, 2008; Schneider and Koch,
2003). For example, THC exposure in adolescence resulted in reduced hippocampal synaptic
connections and cognitive impairment that lasted into adulthood (Rubino et al., 2009).
Further, given that the endocannabinoid system interacts with the adrenergic system,
especially in the PFC (Cathel et al., 2014), regular CAN use in youth with ADHD may result
in further disruption of the adrenergic attentional system, worsening the neurodevelopmental
trajectory in youth with ADHD.

Regular CAN use in youth has been linked with neurocognitive abnormalities (see Batalla et
al., 2013; Lisdahl et al., 2014), especially in those with an early age of CAN use onset (see
Lisdahl, 2013, 2014 for reviews). For example, individuals with an adolescent CUO (before
the age of 15-18 depending on the study) were more likely to demonstrate cognitive
problems, including lowered 1Q and poorer attention, verbal memory, visual search, verbal
fluency, and executive function (Ehrenreich et al., 1999; Gruber et al., 2012; Medina et al.,
2007; Pope et al., 2003; Wilson et al., 2000) and abnormalities in brain function and
structure (Becker et al., 2010a, 2010b; Churchwell et al., 2010; Gruber et al., 2011; Jager et
al., 2010; Lopez-Larson et al., 2011; Meier et al., 2012; Wilson et al., 2000).
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With few exceptions (Tzilos et al., 2005), investigations have reported structural
abnormalities in regular CAN-using youth in the frontal cortex (ACC, OFC, insula,
paracentral gyrus), lingual temporal, inferior and superior parietal cortex, hippocampus,
amygdala, nucleus accumbens, and cerebellum (Ashtari et al., 2011; Churchwell et al., 2010;
Demirakca et al., 2011; Jacobus et al., 2014; Jarvis et al., 2008; Kumra et al., 2012; Lopez-
Larson et al., 2011; Lorenzetti et al., 2015; Mata et al., 2010; McQueeny et al., 2011;
Medina et al., 2009, 2010, 2007; Schacht et al., 2012; Yucel et al., 2008; Cousijn et al.,
2012; Price et al., 2015), with the most prominent findings in the PFC and hippocampus
(Lorenzetti et al., 2014)- areas that have high CB1 receptors density (Terry et al., 2009).
Most studies in adult or young adult samples have demonstrated decreased volumes across
brain regions in association with CAN use (see Lisdahl et al., 2014). In contrast, within
younger adolescent samples (e.g., 1618 years), CAN use is often related to increased
volumes and thickness (e.g., Medina et al., 2009, 2010; McQueeny et al., 2011; Lopez-
Larson et al., 2011), suggesting CAN during early adolescent years may disrupt the healthy
pruning process (Lisdahl et al., 2014). However, at least one study found thinner cortices in
adolescent users (Jacobus et al., 2014). Further, another study found that abnormal OFC
structures predicted the /nitiation of CAN use (Cheetham et al., 2012), making it difficult to
determine causal relationships. In sum, both age of CAN use onset and current CAN use in
youth are associated with brain structure abnormalities, although the direction of findings
and causal relationships need to be confirmed.

Given this high comorbidity (Pingault et al., 2013), examining the unique and interactive
effects of both ADHD and CAN use and age of onset on brain structure in young adults is of
great interest. This study utilized neuroimaging data collected as part of the Multimodal
Treatment of Attention-Deficit/Hyperactivity Disorder (MTA) study, a longitudinal study
following children with ADHD and a local normative comparison group from ages 7 to 9
(baseline) into young adulthood (average age 24; see Tamm et al., 2013 for details). For our
first aim, we examined the independent and interactive effects of childhood ADHD and
regular CAN use on whole brain cortical thickness and subcortical (caudate, nucleus
accumbens, hippocampus, amygdala) and cerebellar gray matter volumes. For our secondary
aims, we assessed whether persistent versus remitted ADHD diagnostic status predicted
structural brain differences after controlling for CAN use status.

We also investigated whether adolescent age of CUO significantly predicted brain
morphometry in the ADHD group. We hypothesized that both ADHD and CAN use status
would each significantly predict reduced cortical thickness and subcortical volumes, whereas
the subgroup with comorbid ADHD and CAN use would demonstrate the greatest
reductions in cortical thickness (including prefrontal, parietal regions) and subcortical
(amygdala, hippocampus, nucleus accumbens, caudate) and cerebellar gray matter volumes.
We also hypothesized that those with persistent ADHD would demonstrate greater structural
reductions compared with remitters and controls (Proal et al., 2011; Shaw et al., 2013).
Finally, we hypothesized that early CUO would be associated with thicker cortex in
prefrontal regions and greater gray matter volumes in the amygdala and nucleus accumbens
areas, perhaps due to delayed gray matter neuromaturation and increased reward-center
dendritic branching due to early cannabis exposure (Kolb et al., 2006; Gilman et al., 2014).
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2. METHODS

The study was approved by each of the six MTA site’s Institutional Review Boards
(University of Pittsburgh, Universities of California, Irvine and Berkeley, New York
University, Duke University, and Columbia University). Informed consent was obtained
from all participants prior to initiating the study sessions.

2.1 Participants

Participants for the current neuroimaging study were recruited from the longitudinal follow-
up of the multi-site MTA (either after 14 or 16 years after study enrollment in childhood)
(see Tamm et al., 2013 for further description). Original MTA participants included 579
children aged 7.0 to 9.9 years diagnosed in childhood with ADHD Combined Type, plus
age- and neighborhood-matched children in a local normative comparison group (LNCG,
n=289), recruited two years later. ADHD and LNCG participants were followed
longitudinally with visits at 3, 6, 8, 10, 12, 14, and 16 years after baseline assessment of the
ADHD group. Details regarding the MTA procedures for initial diagnosis, demographic
information, and treatment specifics have been described previously (A 14-month
randomized clinical trial of treatment strategies for attention-deficit/hyperactivity disorder.
The MTA Cooperative Group. Multimodal Treatment Study of Children with ADHD,"
1999). For the current neuroimaging study, participants were brought in for an MRI and
neuropsychological evaluation at one of six sites (Newman et al., 2015).

Inclusion Criteria; A participant was classified as a CAN User if he or she reported using
CAN monthly or more often during the previous year, and as a CAN Non-user (NU) if he or
she had used CAN fewer than 4 times during the previous year. Exclusion Criteria.
Exclusionary criteria included magnetic resonance imaging (MRI) contraindications (e.g.,
orthodontic braces, claustrophobia), neurologic injury or a history of traumatic brain injury
with loss of consciousness or that occurred in the past year, and current use of psychotropic
medications other than for ADHD. Although psychiatric diagnoses were not exclusionary,
the sample had very low rates of comorbid psychiatric disorder diagnoses [no participants
met criteria for past year anorexia, bulimia, dysthymia, mania, generalized anxiety disorder,
social phobia, panic disorder, and schizophrenia; the rest of the diagnostic counts were:
conduct disorder (n=2), major depression (n=1), agoraphobia (n=1), obsessive compulsive
disorder (n=1), post-traumatic stress disorder (n=1)]. Participants were also excluded if they
self-reported binge drinking (drinking =5 drinks in a single session) =1 time/week, as well as
monthly or greater recreational use of other substances (e.g., cocaine, narcotics,
hallucinogens, etc.). Abstinence from CAN was required for 36 hours before the MRI scan.
Using these selection procedures, 81 ADHD (37 CAN and 44 NU) and 39 LNCG (18 CAN
and 21 NU) were enrolled, totaling 119 participants for the primary group analyses.
Participants ranged in age from 21-27 years and were 80% male (see Table 1 for more
details).

2.2 Design and Procedure

As described in Tamm and colleagues (2013), potential participants were identified based on
participant responses to the Substance Use Questionnaire (Molina et al., 2013; Molina and

Drug Alcohol Depend. Author manuscript; available in PMC 2017 April O1.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lisdahl et al.

Page 8

Pelham, 2003) obtained at the year 14 or 16 MTA follow-up visit. The study was described
to participants and additional screening for inclusion/exclusion criteria was conducted (e.g.,
brain injury screen; Bogner and Corrigan, 2009). Eligible participants returned for a single
session during which neuropsychological measures (see Tamm et al., 2013) were completed,
followed by an MRI scan. All participants observed a minimum of 24-hour abstinence
period for drugs and alcohol, a 1-hour abstinence period for nicotine and caffeine, and a 24-
hour abstinence period for over the counter and prescription medications prior to the
cognitive testing.

2.3 Measures

2.3.1 Persistence of ADHD Symptoms—~Participants who were diagnosed with ADHD
in childhood were classified in young adulthood as either “persistent” or “desistent” based
on self and/or parent-report data from the Conners’ Adult ADHD Rating Scale (CAARS;
Conners et al., 2002) at the 12, 14, or 16 year follow-up assessment of the primary MTA
study. ADHD was considered “persistent” if they had either a self-report or a parent-report
(or both) of at least 4 symptoms in at least one domain (i.e., inattentive, hyperactive/
impulsive) that were endorsed as either occurring “often” or “very frequently”. ADHD
participants were classified as “desistent” if both self-report and a parent-report included 3
or fewer symptoms that were rated as occurring “often” or “very frequently”. Further details
regarding this persistence definition can be found in Sibley et al. (under review).

2.3.2 Substance Use Questionnaire and Substance Use Recency
Questionnaire (SUQ, SURQ; Molina et al., 2013; Molina and Pelham, 2003)—
The SUQ assesses past 12-month use of alcohol, tobacco products, CAN, and other drugs. It
was administered throughout the longitudinal study beginning at the 2 year follow-up and,
therefore, also prospectively measured age of regular (weekly) use onset for CAN and
alcohol. Age of regular CAN Use Onset (CUO) was calculated only in those who reported at
least one time-point of weekly CAN use during their 14-16 years of participation in the
longitudinal MTA study. A modified version of the SUQ, the SURQ, administered for the
current study (MRI protocol), measured the number of days the participant used CAN,
alcohol, nicotine, and other drugs in the past 30 days (e.g., Tamm et al., 2013). From this
measure, a binary nicotine use variable indicated whether or not participants reported current
cigarette smoking. These measures were modeled after similar substance use measures that
rely on confidential youth self-report (Molina et al., 2013). An NIH Certificate of
Confidentiality was obtained to strengthen assurance of privacy.

2.4 MRI Data Acquisition and Pre-Processing

2.4.1 MRI Acquisition—High-resolution anatomical MPRAGE T1-weighted images
(TR/TE/TI=2170/5.56/1100ms, 160 sagittal slices, TH=1.2mm, in-plane
resolution=1x1mm) were acquired along with T2-weighted images (TR/TE=6440/67ms) co-
planar to the functional acquisitions. Pulse sequence parameters used across scanner
manufacturers and models were optimized for equivalence in contrast properties and
consistency in image-derived quantitative measures.
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2.4.2 Structural MRI Pre-processing—High-resolution anatomical images for each
subject were processed using the FreeSurfer’s (http://surfer.nmr.mgh.harvard.edu) semi-
automated surface-based analysis: (1) images are pre-processed for spatial (Talairach) and
signal intensity normalization; (2) brain tissues are segmented by labeling white matter, gray
matter, and subcortical and cerebellar regional volumes are calculated (Dale et al., 1999); (3)
outer gray matter and white matter boundaries are identified to define the cortical surface
and converted to a mesh of over 150,000 tessellated vertices to allow point-to-point surface
measures; and (4) cortical thickness (in millimeters) is measured as the distance between
corresponding vertices of the white matter and gray matter surfaces (Fischl and Dale, 2000).
Trained MRI technicians inspected all images to assess for editing needs as described by the
FreeSurfer workflow (see https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki).
Manual interventions were made by putting in control points to distinguish gray matter/
white matter boundaries when errors occurred. Editing the subcortical segmentation was
performed when a voxel was incorrectly labeled, which occurred exclusively in the
cerebellar cortex. To control for type | error, a Monte Carlo simulation was performed for
each voxel-wise analysis to determine the number of voxels exceeding the statistical
threshold that is required to protect against family-wise error at p=.05 (Smith et al., 2006).

2.5 Data Analysis

All dependent variables were normally distributed and there was no evidence of
multicollinearity in any of the analyses. All preliminary demographic and subcortical
analyses were conducted using SPSS v21; ANOVAs and Chi-square tests were run to
examine potential demographic and drug use differences between groups. For all subcortical
analyses run in SPSS, corrections for False Discovery Rate (FDR), using the Benjamini and
Hochberg method, were conducted for each hemisphere. Finally, all whole-brain cortical
thickness analyses were run in Freesurfer; monte carlo simulations (1000 iterations) were
run to perform a cluster-wise correction at p=.05.

2.5.1 Aim One Analyses—Standard least squares multiple regressions were used to
examine whether ADHD group, CAN group, and CAN*ADHD interactions significantly
predicted subcortical volumes. Age, gender, total brain volume and group status were in
block one. Block two included CAN*ADHD, binge drinking and nicotine use status. Block
two was interpreted if any covariates were significant, otherwise Block one results are
reported. To determine whether ADHD group and CAN use status influence cortical
thickness, a voxel-wise ANCOVA was conducted in Freesurfer gdec modeling cortical
thickness with ADHD group, CAN group, and CAN*ADHD interactions as predictors,
while covarying gender and age. The cluster threshold size needed to achieve a cluster-wise
pvalue of .05 was 771 mm”2. Significantly different regions were then exported into SPSS
to examine whether past year binge drinking or nicotine use status affected results.

2.5.2 Aim Two Analyses—To examine whether Aim One results were influenced by
persistence of ADHD symptoms, five MANCOVASs were conducted to examine whether
ADHD persistence status (controls, desisters, persisters), CAN group, and CAN*ADHD
persistence interactions significantly predicted subcortical volumes after controlling for total
brain volume, gender, age, past-year binge-drinking episodes, and nicotine use status. To
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determine whether ADHD persistence status and CAN use status affected cortical thickness,
a voxel-wise ANCOVA was conducted in Freesurfer gdec modeling cortical thickness with
ADHD persistence status, CAN group, and CAN*ADHD persistence interactions as
predictors, covarying gender and age. The cluster threshold size needed to achieve a cluster-
wise p value of .05 was 756 mm”2. Significantly different regions were exported into SPSS
to examine whether past year binge drinking and nicotine use status affected results.

Finally, we conducted a series of multiple regressions to examine whether early CUO
(younger than 16 vs. 17 and older) significantly predicted subcortical volumes after
covarying total brain volume, gender, age (block one) and age of regular alcohol use onset
and nicotine use status (block two). To determine whether early CUO affected cortical
thickness, we conducted a voxel-wise ANCOVA in Freesurfer, modeling cortical thickness
with CUO as the primary predictor, while covarying age and gender. The cluster threshold
size needed to achieve a cluster-wise p value of .05 was 770 mm”2. Follow-up regressions in
SPSS were conducted to ensure results were not affected by age of regular alcohol use onset
and nicotine use status.

3. RESULTS

3.1 Demographic and Drug Use Information

3.1.1 Demographics by CAN and ADHD Groups (N=120)—ANOVAs and chi-square
tests revealed that groups did not differ significantly with respect to gender [x2(1)7.0, p=.
07], ethnicity [x?(18)18.3, p=.44], or baseline IQ [F(3,118)=1.03, p=.38]. Groups did
significantly differ in terms of age [F(3,118)=4.3, p=.006]: the LNCG groups were
approximately one year younger than the ADHD groups at the follow-up MRI scan. See
Table 1. Given the differences in age and marginally significant differences in gender, these
variables were statistically controlled in all analyses.

3.1.2 Drug Use by CAN and ADHD Groups—The CAN group had an average length
of abstinence from CAN of 24.9 days (SD=105; range 1-731). The groups did not
significantly differ in age of CUO [F(3,60)=1.3, p=.28], age of regular alcohol use onset
[F(3,100)=1.3, p=.28], or past-month binge-drinking episodes [F(3,118)=0.8, p=.51]. They
significantly differed in terms of past-year use of CAN [F(3,118)=5.05, p<.001], days of
CAN use in the past month [F(3,118)=51.9, p<.001], number of assessments reporting CAN
exposure [F(3,118)=22.3, p<.001], past-year binge-drinking episodes [F(3,118)=2.68, p=.
05], and nicotine use status [x2(3)11.7, p=.008]. As expected, NU groups (LNCG-NU and
ADHD-NU) reported significantly less CAN use than both the CAN user groups (LNCG-
CAN and ADHD-CAN). The LNCG-NU group demonstrated significantly less past-year
binge drinking compared to the LNCG-CAN group (ADHD subgroups did not significantly
differ). Past-year binge-drinking episodes were covaried in all subsequent analyses.

3.1.3 Demographics by Persistence (n=52) and Desistence (n=23) ADHD vs.
LNCG (n=39)—ANOVAs and chi-square tests revealed that persisters, desisters, and
LNCG groups did not significantly differ with respect to gender [x2(2)1.6, p=.45], ethnicity
[x?(10)=5.2, p=.88], or baseline 1Q [F(2,120)=1.13, p=.33]. Groups did significantly differ
in terms of age [F(2,120)=6.69, p=.002].
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3.1.3.1 Drug Use by Persistence vs. Desistence ADHD: Groups did not differ by age of
CUO [F(2,59)=.75, p=.48], past-year CAN use [F(2,120)=.57, p=.57], number of
assessments reporting CAN exposure [F(2,120)=.93, p=.40], age of regular alcohol use onset
[F(2,103)=.59, p=.56], past-month binge-drinking episodes [F(2,120)=.29, p=.75], past-year
binge-drinking episodes [F(2,120)=.44, p=.64], and nicotine smoking status [x(2)=3.8, p=.
15]. They marginally differed on past-month CAN use [F(2,120)=2.51, p<.09], with LNCG
group reporting less than desisters.

3.1.4 Demographics by CUO within ADHD Group (n=41)—ANOVAs and chi-square
tests revealed that in the ADHD groups, early and late CUO subgroups did not differ in
gender [x2(1)=.03, p=.96], ethnicity [x2(5)9.2, p=.11], age [F(1,40)=.43, p=.52], or baseline
1Q [F(1,40)=1.03, p=.32].

3.1.4.1 Drug Use by CUQ: Groups did not differ in past-year CAN use [F(1,40)=.54, p=.
47], past month CAN use [F(1,40)=1.1, p<.29], past-month binge-drinking episodes
[F(1,40)=1.2, p=.28], past-year binge-drinking episodes [F(1,39)=.03, p=.86], or nicotine
use status [x2(1).27, p=.61]. As expected, groups did differ on age of CUO [F(1,40)=70.3,
p<.001], number of assessments reporting CAN exposure [F(1,40)=.6.5, p=.02], and age of
regular alcohol use onset [F(1,40)=4.2, p=.05], with early CUO demonstrating earlier age of
regular CAN and alcohol use onset and greater number of assessments with CAN use
reported.

3.2 Brain Morphometry Findings

Prior to analyzing the primary aims, we confirmed that MRI site did not significantly predict
subcortical volumes or cortical thickness (p’s>.10); this is consistent with other multi-site
MRI studies demonstrating low between-scanner variability in cortical thickness (Han et al.,
2006; Dewey et al., 2010; Jovicich et al., 2006) as well as a previous analysis utilizing the
current sample (Newman et al., 2015).

3.2.1 Subcortical Volumes: ADHD and CAN Group—After controlling for age,
gender, total brain volume, CAN group status, binge drinking and nicotine use, childhood
ADHD did not significantly predict brain structure. CAN users demonstrated significantly
smaller left hippocampal volumes [beta=—.18, p=.04; FDR corrected p=.20]. Increased past-
year binge drinking significantly predicted smaller left caudate [beta=—.22, p=.008], right
caudate [befa=—.18, p=.03], and right nucleus accumbens [beta=-.22, p=.02] volumes.
Nicotine use status did not predict subcortical or cerebellar structure in this sample.

3.2.1.1 Cortical Thickness: CAN and ADHD Group: Childhood ADHD diagnosis did not
significantly predict cortical thickness. However, CAN users had reduced cortical thickness
in a right hemisphere region that included the superior frontal sulcus, anterior and posterior
cingulate [cluster 1: size 3649 mm2, location MNIX 5.1, MNIY -46, MNIZ 24.2; cluster-
wise pvalue (CWP)=.001]. CAN users also demonstrated thinner left hemisphere superior
frontal sulcus and precentral gyrus (cluster 1: size 870 mm?, location MNIX 47.2, MNIY
23.1, MNIZ 19.4; CWP=.03) and superior frontal sulcus (cluster 2: size 1256 mm?, location
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MNIX 52.1, MNIY -8, MNIZ 21.9; CWP=.001; see Figure 1). Binge drinking and nicotine
use status did not significantly predict these clusters.

3.2.2 Subcortical Volumes: Persistence of ADHD—MANCOVAS revealed no
differences in subcortical structures between the ADHD persister vs. desister subgroups
[pillai’s trace= .46, p=.7T].

3.2.2.1 Cortical Thickness: Persistence of ADHD: Whole-brain cortical thickness,
correcting for family-wise error, revealed that after controlling for age, gender, and CAN
use, those with persistent ADHD demonstrated significantly thinner left precentral/
postcentral (cluster 1: size 1191 mm2, location MNIX 12.6, MNIY 2.4, MNIZ 44.7; CWP=.
002) cortical thickness compared to the LNCG group (see Figure 2). Binge drinking and
nicotine use did not significantly predict this cluster.

3.2.3 Subcaortical Volumes: CUO—After controlling for age, gender, total brain
volume, and age of regular alcohol use onset, and nicotine use status, early CUO was
associated with significantly larger left nucleus accumbens volume [beta=—.34, p=.02; FDR
corrected p=.10] and marginally larger right nucleus accumbens volume [beta=-.17, p=.10;
FDR corrected p=.50]. Nicotine use status [beta=.35, p=.02] and later age of alcohol use
onset [beta=.35, p=.02] also significantly predicted larger left nucleus accumbens volume.

3.2.3.1 Cortical Thickness: CUQO: Whole-brain cortical thickness analysis, correcting for
family-wise error, revealed that after controlling for age and gender, early CUO in those with
ADHD predicted greater right hemisphere superior frontal and postcentral (Cluster 1: size
883 mm?2, location MNIX 4.7, MNIY -27.4, MNIZ 65.9; CWP=.02) cortical thickness
compared to late onset CUO (see Figure 3). (Age of onset of regular alcohol use and
nicotine use status did not predict cortical thickness in these clusters).

4. DISCUSSION

We examined structural neuroimaging data collected as part of the MTA longitudinal study
following children with ADHD and a local comparison group from ages 7 to 9.9 into young
adulthood (see Tamm et al., 2013 for details). The goal was to examine the impact of ADHD
diagnosis (childhood and current), CAN use (frequency and age of onset), and their
interaction on subcortical and cerebellar volumes and cortical thickness. Controlling for
demographics, gender, binge drinking, nicotine and CAN use, we found that childhood
ADHD diagnosis did not predict any brain morphometry measures, although individuals
who had persistent ADHD into young adulthood had significantly thinner left precentral and
postcentral cortical thickness compared to the LNCG group. Furthermore, after controlling
for demographics, binge drinking, nicotine use, and ADHD diagnosis, CAN users had
reduced cortical thickness in bilateral superior frontal sulcus, right anterior and posterior
cingulate, and left precentral gyrus. Additionally, early CUO was associated with
significantly thicker right superior frontal gyrus and postcentral gyrus compared to later
CUO. These findings highlight the need to screen for CAN and binge drinking in youth with
ADHD, as regular use of these substances may worsen their neurodevelopmental trajectory.
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Although childhood diagnosis of ADHD did not predict morphometry after our rigorous
statistical control, those individuals who demonstrated persistent symptoms of ADHD into
young adulthood had significantly thinner left precentral and postcentral cortical thickness
compared to desisters and LNCG groups. The persistent diagnosis was based on a
prospectively refined phenotype of 4-plus symptoms at year 14-16 follow-up (based on
either self or parent report and prior studies supporting these methods (Barkley et al., 2002;
Sibley et al., 2012). Precentral and postcentral cortical areas have been implicated in
inhibitory control (Ma et al., 2012; Pliszka et al., 2006) and working memory load (Jaeggi et
al., 2003). This study lends further evidence that several abnormalities observed in
childhood ADHD may mature by young adulthood (e.g., Castellanos et al., 2002; Nakao et
al., 2011; Shaw et al., 2007), especially in those who experience remission of their
symptoms. Still, those with persistent ADHD into young adulthood continued to
demonstrate structural abnormalities in regions underlying inhibitory control and working
memory load. Additional large-scale longitudinal studies examining neurocognitive
development in youth with ADHD are needed to replicate these findings.

These findings are not consistent with previous research that has implicated structural
abnormalities in young adults with ADHD, including the superior frontal gyrus, cingulate
cortex, precentral gyrus, postcentral gyrus, precuneus, hippocampus, caudate, amygdala, and
nucleus accumbens (Amico et al., 2011; Almeida et al., 2010; (Almeida Montes et al., 2013;
Biederman et al., 2008; Frodl et al, 2010; Makris et al., 2007; Onnink et al., 2014; Proal et
al., 2011; Seidman et al., 2006). However, in our sample, past-year binge alcohol and CAN
use predicted abnormalities in these same regions. Therefore, inconsistencies in the literature
regarding ongoing structural abnormalities in young adults with ADHD may relate to
inadequate statistical control of comorbid substance use in past research (Pingault et al.,
2013), as only one study to date reported statistically controlling for SUD (Proal et al., 2011)
and no studies have controlled for recent exposure or age of regular use onset. Future studies
examining the trajectory of brain development in youth with ADHD will need to closely
measure and control for frequency and quantity of substance use exposure.

After controlling for ADHD diagnosis, age, gender, and binge drinking, we found that CAN
users had smaller left hippocampal volumes. However, this finding did not survive FDR
correction and the effect size was small. Still, these findings are consistent with previous
animal models (e.g., Rubino et al., 2009) and studies demonstrating abnormal hippocampal
volumes in regular CAN users (Ashtari et al., 2011; Demirakca et al., 2011; Medina et al.,
2007; Schacht et al., 2012; for review see Lorenzetti et al., 2014), including a sample of
male CAN users who did not have significant comorbid alcohol use (Lorenzetti et al., 2015).
CAN users also demonstrated thinner bilateral superior frontal sulcus, right anterior and
posterior cingulate, and left precentral gyrus. This pattern is consistent with that of Lopez-
Larson (2011), who found reduced cortical thickness in bilateral superior frontal cortices in
adolescent CAN users, although they also found abnormalities in the insula, lingual gyrus,
superior temporal, inferior and superior parietal, and left paracentral regions. A lack of
significant findings in these regions in the current sample may relate to our sample’s older
age (24 vs. 17 years), less recent CAN use exposure (approximately half the use), and
shorter duration of use in the current cohort compared to the Lopez-Larson (2011) sample.
Further, abnormalities found by Lopez-Larson (2011) in paracentral and parietal regions, as

Drug Alcohol Depend. Author manuscript; available in PMC 2017 April O1.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lisdahl et al.

Page 14

outlined below, may be driven by the early age of CUO in their sample (15.7 years old).
Still, overall, the current findings are consistent with reviews demonstrating CAN-related
abnormalities in the frontolimbic network (Lisdahl et al., 2014), regions that have dense
CB1 receptors (Terry et al., 2009).

This report also adds further evidence to the hypothesis that early onset of regular CAN use
is associated with worse neurocognitive outcomes in youth with ADHD (Lisdahl et al.,
2013; Rubino et al., 2008; Tamm et al., 2013). This may be due to disruption in
endocannabinoid-mediated neurodevelopment (i.e., disrupted pruning and myelination) and
abnormal neuromodulation of the adrenergic attentional system (Viveros et al., 2005; Cathel
et al., 2014). Specifically, we found that youth with ADHD who began using CAN use early
(age 16 and younger) had larger left nucleus accumbens and thicker right superior frontal
gyrus and postcentral gyrus compared to later CAN use onset. Although the nucleus
accumbens finding was only marginally significant after correction of multiple comparisons
due to a small effect size, this is consistent with animal findings suggesting enhanced
dendritic branching in the reward center following drug exposure in this region (McDonald
et al., 2005) and human findings of abnormal left nucleus accumbens shape in regular CAN
users (Gilman et al., 2014). Still, due to the small effect size, this finding needs to be
replicated. Taken together, these studies support the theory that CAN use in adolescence
may sensitize the reward network to drugs of abuse (Churchwell et al., 2012; De Bellis et al.,
2013), increasing risk for CAN use disorders (Winters and Lee, 2008). Consistent with the
observed PFC abnormalities, our group (Tamm et al., 2013) previously reported that in a
similar sample, individuals with an early CUO also demonstrated poorer executive
functioning (decision-making, working memory, response inhibition). Interestingly, studies
in adults with ADHD also report abnormalities in these regions (Almeida et al., 2010;
Almeida Montes et al., 2013; Biederman et al., 2008; Makris et al., 2007; Proal et al., 2011;
Seidman et al., 2006). Therefore, additional research is needed to examine how early onset
of regular CAN use impacts the trajectory of brain development in youth with ADHD.

Although binge drinking was not the primary focus of the current study, it is important to
note that past-year binge drinking frequency significantly predicted reduced bilateral
caudate, left amygdala, and right nucleus accumbens volumes after controlling for CAN use,
age, gender, and ADHD status. Further, although binge drinking did not predict the
significant clusters in this study, it is important to note that we did not conduct a whole-brain
cortical thickness analysis with binge drinking as the primary predictor. Several studies have
now reported structural abnormalities associated with binge drinking in youth, including
reduced bilateral cerebellar volumes (Lisdahl et al., 2013), poorer white matter integrity
(Bava et al., 2013; McQueeny et al., 2009), and abnormal prefrontal and cingulate cortical
thickness (Squeglia et al., 2012). High dose of alcohol exposure has been linked with
reduced cholinergic and dopaminergic neurotransmitter gene signaling, upregulation of
neuronal death, atrophy and reduced synaptic refinement (Coleman et al., 2011; Pascual et
al., 2007; Vallés et al., 2004). We did not find significant reductions in cerebellar volume
linked to binge drinking, despite previous findings in teens (Lisdahl et al., 2013).
Differences in outcomes may be due to an older cohort (average age 24 vs. 18) and
combined effects of alcohol and CAN, which may have opposing effects on cerebellar
volumes (Medina et al., 2010). Future studies will need to focus on the combined, and
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independent, effects of binge drinking, CAN, and ADHD on brain structure throughout
adolescence into young adulthood.

Limitations of this study are important to consider. First, subgroup sample sizes for the
secondary analyses examining the impact of age of CAN use onset (n=41), persistence
(n=52), and desistence (n=23) were relatively small. Further, the current study was not able
to examine the potential impact of ADHD medication on brain structure, as only 5% of
ADHD non-users and 12% of ADHD CAN users reported current medication use. Second,
length of abstinence was not confirmed with toxicology testing and only a minimum of 24
hours of abstinence was expected of participants. Future studies will need to examine the
impact of CAN on brain structure in youth with ADHD following a two week abstinence
period to rule-out any influence of withdrawal or acute effects. Third, although ADHD
diagnosis was clearly characterized in a longitudinal design, neuroimaging was not
conducted prior tothe onset of CAN, nicotine, and alcohol use. Although these were
measured over time, enabling the accurate classification of groups, we were not able to
control for baseline differences in brain morphometry. Therefore, it remains difficult to
disentangle the impact of preexisting differences versus direct effects of binge drinking,
nicotine and CAN exposure on brain structure (e.g., Hanson et al., 2010; Hill et al., 2007;
Ridenour et al., 2009). Therefore, a large-scale longitudinal study following individuals with
and without ADHD prior to the initiation of substance use and after significant substance use
exposures that includes careful cumulative substance use measurement is needed to clearly
examine causal relationships and replicate findings.

In conclusion, we found that although childhood ADHD did not predict brain structure after
controlling for substance use, individuals who demonstrated persistent ADHD symptoms
into young adulthood had continued abnormalities in brain regions underlying working
memory and inhibitory control (precentral and postcentral cortices). In addition, CAN users
(with and without ADHD) had significantly thinner superior frontal sulcus, anterior and
posterior cingulate, and precentral gyrus. Although the hippocampal finding had a small
effect size, this structural abnormality has been reported across multiple CAN studies (see
Lorenzetti et al., 2014). In those with ADHD, early age of CAN use onset was associated
with thicker superior frontal gyrus, and postcentral gyrus as well as previously demonstrated
poorer executive functioning (Tamm et al., 2013). Notably, the current study lends additional
evidence suggesting that early onset of regular CAN use may disrupt neuromaturation,
especially in reward and executive function networks. These results highlight the necessity
to screen youth with ADHD for regular CAN use and binge drinking, as use of these
substances may further disrupt brain development and executive functioning (Tamm et al.,
2013) in already vulnerable individuals. Finally, additional longitudinal studies are needed to
study the causal impact of CAN use on brain development trajectories in youth with and
without ADHD.
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9The Multimodal Treatment Study of Children with ADHD (MTA) was a National Institute
of Mental Health (NIMH) cooperative agreement randomized clinical trial, continued under
an NIMH contract as a follow-up study and finally under a National Institute on Drug Abuse
(NIDA) contract. Collaborators from NIMH: Benedetto Vitiello, M.D. (Child & Adolescent
Treatment and Preventive Interventions Research Branch), Joanne B. Severe, M.S. (Clinical
Trials Operations and Biostatistics Unit, Division of Services and Intervention Research),
Peter S. Jensen, M.D. (currently at REACH Institute and Mayo Clinic), L. Eugene Arnold,
M.D., M.Ed. (currently at Ohio State University), Kimberly Hoagwood, Ph.D. (currently at
Columbia); previous contributors from NIMH to the early phases: John Richters, Ph.D.
(currently at National Institute of Nursing Research); Donald Vereen, M.D. (currently at
NIDA). Principal investigators and co-investigators from the sites are: University of
California, Berkeley/San Francisco: Stephen P. Hinshaw, Ph.D. (Berkeley), Glen R. Elliott,
Ph.D., M.D. (San Francisco); Duke University: Karen C. Wells, Ph.D., Jeffery N. Epstein,
Ph.D. (currently at Cincinnati Children's Hospital Medical Center), Desiree W. Murray,
Ph.D.; previous Duke contributors to early phases: C. Keith Conners, Ph.D. (former PI);
John March, M.D., M.P.H.; University of California, Irvine: James Swanson, Ph.D., Timothy
Wigal, Ph.D.; previous contributor from UCLA to the early phases: Dennis P. Cantwell,
M.D. (deceased); New York University: Howard B. Abikoff, Ph.D.; Montreal Children's
Hospital/ McGill University: Lily Hechtman, M.D.; New York State Psychiatric Institute/
Columbia University/Mount Sinai Medical Center: Laurence L. Greenhill, M.D. (Columbia),
Jeffrey H. Newcorn, M.D. (Mount Sinai School of Medicine). University of Pittsburgh:
Brooke Molina, Ph.D., Betsy Hoza, Ph.D. (currently at University of Vermont), William E.
Pelham, Ph.D. (PI for early phases, currently at Florida International University). Follow-up
phase statistical collaborators: Robert D. Gibbons, Ph.D. (University of Illinois, Chicago);
Sue Marcus, Ph.D. (Mt. Sinai College of Medicine); Kwan Hur, Ph.D. (University of
Illinois, Chicago). Original study statistical and design consultant: Helena C. Kraemer,
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Ph.D. (Stanford University). Collaborator from the Office of Special Education
Programs/US Department of Education: Thomas Hanley, Ed.D. Collaborator from Office of
Juvenile Justice and Delinquency Prevention/Department of Justice: Karen Stern, Ph.D.
Additional investigators for Neuroimaging Substudy: Leanne Tamm, Ph.D., PI (Cincinnati
Children's Hospital Medical Center), James Bjork, Ph.D. (Department of Psychiatry
Virginia Commonwealth University), Daniel Mathalon, M.D., Ph.D. (UC San Francisco),
Allen Song, Ph.D. (Duke), Bradley Peterson, M.D. (Columbia), Steven Potkin, M.D. &
Claudia Buss, Ph.D. (UC Irvine), Katerina Velanova, Ph.D. (Pittsburgh), Neuroimaging
Consultants: Susan Tapert, Ph.D. & Joshua Kuperman, Ph.D. (UC San Diego), BJ Casey,
Ph.D. & Leah Sommerville, Ph.D. (Sackler Institute, Cornell), Krista Lisdahl, Ph.D.
(University of Wisconsin-Milwaukee). Neuroimaging Analysis and Interpretation: Terry
Jernigan, Ph.D. & Anders Dale, Ph.D. (UC San Diego), F. Xavier Castellanos, M.D. & Clare
Kelly, Ph.D. (New York University).
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Highlights
o Little is known about the effects of both ADHD and cannabis use on brain
structure.
o Persistent ADHD was linked with abnormalities in frontoparietal structure.
o Cannabis users had abnormal frontolimbic brain structure.
o Adolescent onset cannabis users demonstrated unique structural
abnormalities.
o Prospective longitudinal studies are needed to clarify causal relationships.
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LH precentral gyrus; superior frontal sulcus RH superior frontal; anterior/posterior
QP:.O& 001 cingulate CWP=.001
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Figure 1.
Whole brain cluster-corrected analysis examining impact of ADHD and cannabis use on

cortical thickness; red color indicates cortical thickness is reduced in cannabis users
compared to non-using controls (medial and inferior views).
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LH precentral and postcentral gyrus; CWP=.002

Figure 2.
Whole brain cluster-corrected analysis examining impact of ADHD persistence on cortical

thickness; red color indicates cortical thickness is reduced in persistent ADHD group
compared to LNCG group (lateral view).
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RH superior frontal, postcentral gyrus; CWP=.02

Figure 3.
Whole brain cluster-corrected analysis examining impact of cannabis use onset (CUQO) on

cortical thickness; blue color indicates cortical thickness is greater in early onset CUO
compared to late onset (medial view).
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Table 1

Participant Demographic and Drug Use Characteristics by Group.
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LNCG Non-user

LNCG CAN User

ADHD Non-user

ADHD CAN User

(n=21) (n=18) (n=44) (n=37)
Mean (SD)or %  Mean (SD)or %  Mean (SD)or %  Mean (SD) or %

Age”* 23.4 (1.5) 23.6 (1.5) 24.6 (1.4) 24.3 (1.3)
% Male 67% 89% T7% 92%
% Caucasian 57% 78% 62% 49%
1Q 105.9 (23.4) 110.9 (22.8) 103.5 (16.8) 101.9 (13.6)
% Current ADHD meds 0% 0% 5% 12%
Cannabis use onset (CUO) age - 17.0 (2.8) - 15.3(2.9)

range 13-23 range 10-22
% Early CUO (<16 yo) - 31% - 47%
% Past year daily cannabis use * 0% 50% 0% 62%
Days used cannabis past month * 0.1(0.3) 19.9(9.2) 0.1(0.4) 15.2 (11.6)
% 0 yrs regular cannabis use 81% 11% 76% 14%
% 2> yrs regular cannabis use 19% 50% 5% 65%
% Smoke Cigarettes 19% 33% 26% 57%
Age Regularly Drank Alcohol 19.0(1.8) 18.4(1.9) 19.1 (2.5) 18.0 (2.8)
Past Year Binge Episodes 26(2.1) 4.9 (2.4) 3.9 (2.4) 40 (2.7)

Notes:

*
p<.05, see text for details.

Drug Alcohol Depend. Author manuscript; available in PMC 2017 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lisdahl et al.

Demographic and Drug Use Characteristics by Persistent and Desistent ADHD and LNCG Groups.

Table 2

LNCG Desistent ADHD  Persistent ADHD
(n=39) (n=23) (n=52)
Mean (SD) or % Mean (SD) or %  Mean (SD) or %
Age * 23.5(1.4) 24.6 (1.2) 24.3 (1.3)
% Male 76% 91% 81%
% Caucasian 67% 61% 58%
1Q 108.2 (23.0) 104.6 (15.5) 102.6 (15.3)
% Current ADHD meds 0% 4% 8%
Cannabis use onset 16.6 (2.9) 15.4 (3.6) 15.6 (2.8)
(CUO) age
% Early CUO (<16 yo) 40% 50% 48%
% Past year daily 26% 26% 25%
cannabis use
Days used cannabis past 9.3 (11.7) 3.6 (6.3) 8.4 (12.0)
month
% 0 yrs regular cannabis 49% 56% 42%
use
% 2> yrs regular cannabis 15% 13% 21%
use
% Smoke Cigarettes 26% 30% 44%
Age Regularly Drank 18.7 (1.9) 19.0(2.1) 18.3(2.9)
Alcohol
Past Year Binge Episodes 1.7 (2.8) 4.5 (2.5) 3.6 (2.5)

Notes:

*
p<.05, see text for details.
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