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Abstract Children diagnosed with attention-deficit’/hyperac-
tivity disorder (ADHD) are at increased risk for substance
abuse. Response inhibition is a hallmark of ADHD, yet the
combined effects of ADHD and regular substance use on neu-
ral networks associated with response inhibition are unknown.
Task-based functional Magnetic Resonance Imaging (fMRI)
data from young adults with childhood ADHD with (n=25)
and without (n=25) cannabis use > monthly in the past year
were compared with a local normative comparison group
(LNCG) with (n=11) and without (n=12) cannabis use. Go/
NoGo behavioral and fMRI data were evaluated for main and
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interaction effects of ADHD diagnosis and cannabis use.
ADHD participants made significantly more commission er-
rors on NoGo trials than controls. ADHD participants also had
less frontoparietal and frontostriatal activity, independent of
cannabis use. No main effects of cannabis use on response
inhibition or functional brain activation were observed. An
interaction of ADHD diagnosis and cannabis use was found
in the right hippocampus and cerebellar vermis, with in-
creased recruitment of these regions in cannabis-using con-
trols during correct response inhibition. ADHD participants
had impaired response inhibition combined with less fronto-
parietal/striatal activity, regardless of cannabis use history.
Cannabis use did not impact behavioral response inhibition.
Cannabis use was associated with hippocampal and cerebellar
activation, areas rich in cannabinoid receptors, in LNCG but
not ADHD participants. This may reflect recruitment of com-
pensatory circuitry in cannabis using controls but not ADHD
participants. Future studies targeting hippocampal and
cerebellar-dependent function in these groups may provide
further insight into how this circuitry is altered by ADHD
and cannabis use.

Keywords Cannabis - Marijuana - fMRI - ADHD - Go/
NoGo - Inhibition

Abbreviations

LNCG Local Normative Comparison Group
Background

Children with attention-deficit/hyperactivity disorder

(ADHD) are at increased risk of substance use disorder
(SUD) (Lee et al. 2011; Molina and Pelham 2014).
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Individuals with ADHD perform poorly on behavioral tests of
response inhibition compared to non-ADHD samples, and it
has been suggested that impairment in response inhibition
may play a role in substance abuse risk (McNamee et al.
2008; Iacono et al. 2008). Cannabis is the most commonly
used illicit substance among youths with ADHD (Lee et al.
2011). Since cannabis use reduces levels of striatal dopamine
synthesis (Bloomfield et al. 2013) and is associated with ex-
ecutive function deficits (Piechatzek et al. 2009), the use of
cannabis coupled with the pre-existing low levels of dopamine
associated with ADHD may predict a synergistic reduction of
dopamine. This reduction may result in exacerbation of
ADHD- and/or cannabis-related cognitive deficits.

Increased impulsivity in rapid stimulus evaluation-
response tasks has also been characteristic of individuals with
histories of drug use (van Holst and Schilt 2011). For example,
cannabis users were found to have greater reflection impulsiv-
ity (Clark et al. 2009), a variant of impulsivity characterized
by a lower threshold of processing/evaluating stimuli before
committing to a response. Accordingly, cannabis users were
found to produce more commission errors in Go/NoGo
(Moreno et al. 2012) and Stroop (Battisti et al. 2010) tasks,
perhaps by virtue of incomplete processing of visual stimuli.
A potential exists, therefore, for a deleterious interaction be-
tween ADHD neurodevelopment, combined with cannabis
exposure, to result in especially increased rapid-response
impulsivity.

A recent publication characterized the impact of childhood
ADHD and subsequent cannabis use on executive functioning
in young adults (Tamm et al. 2013). ADHD diagnosis was
predictive of performance deficits on a number of cognitive
tasks including working memory and response inhibition.
There were no significant main effects of cannabis use.
However, exploratory analyses suggested that earlier, regular
use of cannabis (before age 16) was associated with poorer
executive functioning than later use of cannabis (Tamm et al.
2013). The current functional brain imaging study makes use
of data collected in the same study to examine whether child-
hood ADHD and cannabis use history relate differentially, or
interactively, to behavioral response inhibition and associated
neural activity.

The Go/NoGo task has been used extensively to study in-
hibitory control in ADHD patients, who typically show
hypoactivation of frontostriatal and frontoparietal networks
(Hart et al. 2013; Dickstein et al. 2006) thought to integrate
external information with internal representations and actions
(Castellanos and Proal 2012). While Go/NoGo behavioral
task performance has shown little susceptibility to acute sub-
stance use (McDonald et al. 2003), cannabis dose dependence
on functional activation of the thalamus during a Go/NoGo
task has been observed (Smith et al. 2011). A cohort of absti-
nent (28 day washout) cannabis users showed increased acti-
vation during a Go/NoGo task in inferior frontal gyrus and
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superior parietal lobule (Tapert et al. 2007), a well-described
inhibition network. One additional study using the Go/NoGo
task has demonstrated decreased right inferior frontal gyrus
and anterior cingulate cortex activation during inhibition fol-
lowing administration of THC in contrast to placebo
(Borgwardt et al. 2008).

Using a large multi-site cohort, the current study employed
a Go/NoGo fMRI task to examine effects of cannabis use
history on the inhibition circuitry in young adults with and
without a childhood diagnosis of ADHD.

Methods

This study was approved by the Institutional Review Board at
each of four participating sites that collected fMRI data.
Informed consent was obtained from all participants prior to
participation.

Participants

Participants were recruited from the longitudinal follow-up of
the Multimodal Treatment Study of ADHD (MTA) to partic-
ipate in the current study. Recruitment took place at either the
14- or 16-year follow-up assessments (i.e., 14 or 16 years after
study enrollment in childhood). Original MTA participants
included 579 children aged 7.0 to 9.9 years diagnosed in
childhood with ADHD Combined Type. The MTA proce-
dures for diagnosis, treatment specifics, and sample demo-
graphics have been described elsewhere (Tamm et al. 2013;
Molina et al. 2009). A local normative comparison group
(LNCG, n=289) was recruited to reflect the local populations
from which the ADHD sample was drawn. ADHD and LNCG
participants have been followed longitudinally with visits at
36-months, and 6, 8, 10, 12, 14, and 16 years after baseline
assessment. Imaging performed in this work occurred during
supplemental visits to the 14- or 16-year follow-up visits.
Cannabis use history was defined from self-report on the
Substance Use Questionnaire (SUQ) (Molina et al. 2009).
Cannabis users reported greater than or equal to monthly can-
nabis use over the past year, and non-users reported having
used cannabis fewer than four times during the previous year.
Exclusion criteria included self-reported binge drinking (>4
drinks in a single session on a weekly basis or more over the
past year), recreational use of other substances (monthly or
more often), history of traumatic brain injury with loss of
consciousness, contraindications for MRI exposure, and/or
psychotropic medication use other than for ADHD. All par-
ticipants observed a 24-h washout for all medications and a
36-h washout for other substances, including cannabis and
alcohol, prior to the scan. In addition, participants refrained
from smoking and caffeine intake for at least 1-h prior to the
scan. All abstinence measures were based on self-report.
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The final sample across all four imaging sites included 62
ADHD (31 users, 31 non-users) and 26 LNCG (12 users, 14
non-users). After data quality screening for sufficient behav-
ioral performance during the in-scanner task and temporal
signal-to-noise-ratio of acquired fMRI data, participants in-
cluded 50 ADHD (25 users, 25 non-users) and 23 LNCG
(11 wusers, 12 non-users). Participants included in analyses
ranged in age from 21 to 27 years. Demographic characteris-
tics for the sample are provided in Table 1.

Task and fMRI acquisition parameters

Each of the participants performed four runs of an appetitive
Go/NoGo task (Somerville et al. 2011). The task consisted of
responding with a right index finger button press when pre-
sented with a target (Go) cue and withholding a button press
when presented with a non-target (NoGo) cue. Targets ap-
peared in 500 ms durations with an inter-stimulus interval
(ISD) jittered in duration from 2 to 14.5 s (mean 5.2 s). All four
runs each contained 36 Go and 12 NoGo trials for a total of
192 trials per subject. The targets and non-targets were
pseudo-randomized in presentation order within each run
and defined for the participant via an instructional screen prior
to the start of each run. Human faces with emotional content
(Tottenham et al. 2009) (happy or neutral) were used as the

primary stimulus, and fixation crosses for the ISI. The task
instructions read: “Press your index finger as fast as you can
whenever you see the PLAIN [HAPPYT] faces. Don’t press for
other faces, only the PLAIN [HAPPY] faces.” Each partici-
pant had, in a pseudo-randomized order, two runs of happy
and two runs of neutral faces as a target. Human faces as a no-
go stimulus have been well validated in prior work
(Somerville et al. 2011). Echo planar images (EPI) were ac-
quired over 154 volumes for a total of 5 m and 12 s per run
(Glover et al. 2012) (TR/TE=2000 ms/30 ms, 32 axial slices,
AC-PC aligned, TH=4 mm, Slice Gap=1 mm, In-plane reso-
lution=3.4x3.4 mm). High-resolution anatomical MPRAGE
T1-weighted images (TR/TE/T1=2170/5.56/1100 ms, 160
sagittal slices, TH=1.2 mm, In-plane resolution=1x1 mm)
were acquired along with T2-weighted images (TR/TE=
6440/67 ms) co-planar to the functional acquisitions. For dis-
tortion correction, a dual-echo BO mapping scan (TR/TE1/
TE2=500/3.03/5.49) was acquired co-planar with the func-
tional acquisitions.

Pre-processing
Functional and task behavioral data underwent a quality con-

trol evaluation (Glover et al. 2012) and initial pre-processing
using FBIRN tools and dashboard monitoring (www.

Table 1 Baseline demographics and characteristics
ADHD cannabis ADHD cannabis LNCG cannabis LNCG cannabis Overall
User (n=25) Non-user (n=25) User (n=11) Non-user (n=12) (n=73)

Gender

Male, n (%) 24 (96 %) 17 (68 %) 10 (91 %) 6 (50 %) 57 (78 %)
Age (yr)

Mean (SD) 24.6 (1.4) 25(1.2) 24.2 (1.5) 24.1 (1.0) 24.6 (1.3)
IQ

Mean (SD) 97.9 (11.5) 106.3 (16.4) 111.5 (21.2) 107.1 (28.8) 104.2 (18.6)
Smoker

Yes (>1/day), n (%) 11 (44 %) 7 (28 %) 2 (18 %) 2 (17 %) 22 (30 %)
Medication status

On Medication, n (%) 2 (8 %) 0 (0 %) NA NA NA
Age of first cannabis use (years)

Mean (SD) 15.8(3.2) NA 17.8 (3.0) NA NA
Current cannabis use

(= 1/day), n (%) 14 (56 %) NA 520 %) NA NA
DSM diagnosis of cannabis

Abuse/Dependence, 1 (%) 6/5 (24/20 %) NA 6/3 (55/27 %) NA NA
DSM diagnosis of alcohol

Dependence, 1 (%) 1.4 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (1 %)
DSM diagnosis of nicotine
Dependence, n (%) 2 (8 %) 2 (8 %) 2 (18 %) 0 (0 %) 6 (8 %)

ADHD Attention-deficit/hyperactivity disorder, LNCG local normative control group, SD standard deviation, N4 not applicable
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birncommunity.org). Quality control ensured adequate data
quality and consistency throughout the study. Errant subjects
were flagged for removal for either of two reasons: 1) average
task performance at or below chance levels (<60 % accuracy,
4 total subjects), or 2) the concurrence of excessive motion
(Signal-To-Noise-Fluctuation<65) and null functional
activation in occipital lobes during visual stimuli (11 total
subjects). An initial preprocessing stream was applied: B0
and slice time correction followed by motion correction,
brain extraction, spatial smoothing (FWHM=5 mm),
intensity normalization and high-pass temporal filtering (sig-
ma=50s) in FSL (Jenkinson et al. 2012). A General Linear
Model for each of the four runs was performed using FSL,
predicting fMRI time series data with correct Go and NoGo
trials, convolved with a double gamma hemodynamic re-
sponse function, along with their temporal derivatives. This
model included the time derivative to account for variance in
trial onset times as well as covariates for motion (rotation and
translation). A three-step (EPIto T2, T2 to T1, T1 to template)
registration from native space to template space was per-
formed using the T2-coplanar and T1-high resolution anatom-
ical scans as references. The four runs were then collapsed into
visit level maps using fixed effects prior to calculating
voxelwise group statistics using FSLs FLAME 1 mixed ef-
fects analysis with correction for multiple comparisons
(Worsley et al. 2002).

Analyses

A 2-way ANOVA (diagnosis, cannabis use) model with inter-
actions was used to analyze behavioral performance measures,
including errors of commission, errors of omission, and re-
sponse times. In this analysis, the NoGo vs. Go imaging con-
trast collapsed across emotional content was used to measure
inhibitory control. The inhibition contrast (NoGo vs. Go)
identifies functional activation, defined here as an increase
in the BOLD signal, during NoGo trials (inhibiting a re-
sponse) relative to Go trials (making a response). The analysis
consisted of all successful trials. Primary group contrasts in-
cluded the main effect of diagnosis (ADHD vs. LNCG), can-
nabis use (cannabis user vs. non-user) and their two-way in-
teraction (diagnosis x cannabis use). In addition to voxelwise
analyses, native space analyses were performed using
Freesurfer segmented ROIs of subcortical anatomy including
caudate, putamen, pallidum, thalamus and accumbens. Native
space analysis allows for more precise interrogation of data
that is less dependent on subject-to-template registration ac-
curacy. To address threshold ambiguity of the findings and
define the overlap with previous reports of activation differ-
ences in adults (Cortese et al. 2012), a sliding z-score thresh-
old was used in increments of 0.1 (from z=1 to z=4) to quan-
tify the relative global distribution of activation across thresh-
old values in 7 functionally connected networks previously
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identified by Yeo et al. (Yeo etal. 2011). A secondary analysis
including age and gender as covariates was performed to as-
sess the confounding effects of significantly different demo-
graphic factors on the outcomes highlighted in the sample. To
address relative withdrawal differences during washout be-
tween groups, a statistical comparison of total withdrawal
symptoms on a continuous withdrawal scale (Budney et al.
2004) was performed. Finally, to support the main results, a
post-hoc analysis using the significant regions of interest
(ROI) highlighted in the results section of this work (six
ROIs for main effect of diagnosis, 2 ROIs for interaction effect
of diagnosis x cannabis use) were interrogated for additional
main effects of nicotine use (Valjent et al. 2002) and current
medication status (Peterson et al. 2009).

Results
Demographics

LNCG participants had a lower mean age than those with an
ADHD diagnosis (LNCG=24.1+1.2 years; ADHD 24.8+
1.3 years, p<.05). Cannabis users were more likely to be male
than non-cannabis using participants (users 94 % male, non-
user 62 % male). These demographic factors appeared to have
little effect on the results of this study when included as co-
variates. There were no other significant demographic differ-
ences between any of the four groups (LNCG/ADHD,
User/Non-User) with respect to race/ethnicity, 1Q, nicotine
use (greater than once per day), age of first regular cannabis
use within identified users or current medication status within
ADHD participants.

Behavioral results

Participants with ADHD made significantly more errors of
commission (mean inhibition accuracy=89.1+7.6 % for
LNCG; 84.449.8 % for ADHD; p<0.05; Fig. 1). No signifi-
cant main effect of cannabis use or diagnosis-by-use interac-
tion effects were observed for errors of commission. There
were no statistically significant main effects of diagnosis or
cannabis use, or their interactions, for Go response times and
NoGo errors of omission.

fMRI results
Main effects of diagnosis and cannabis use during response
inhibition

Participants with a childhood diagnosis of ADHD showed
widespread decreases in cortical activation during the
NoGo>Go contrast compared with the LNCG for correct
trials (Table 2 and Fig. 2). These regions included those in
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Fig. 1 In-scanner behavioral performance. A main effect of ADHD
diagnosis was observed with a higher likelihood of false positives
associated with ADHD (left, p<.05), irrespective of cannabis use history

Table 2 Significant NoGo>Go voxelwise clusters of activation
Region Side MNI Maximum
coordinates  Z
Main effect LNCG>ADHD
Supramarginal gyrus, Superior R (52,-40,54) 4.73

parietal, Angular gyrus

Middle frontal gyrus, Frontal pole R (42,34,22) 44

Superior parietal lobe R (30,-46,42) 4.39

Middle frontal gyrus, Inferior R (40,16,48) 436
frontal gyrus

Postcentral, Precentral gyrus L (—18,-32,56) 4.28

Middle frontal gyrus, Precentral R (40,2,56) 4.16
gyrus

Posterior supramarginal gyrus R (52,-40,22) 4.09

Caudate/Accumbens R (12,22-2) 372

Precuneus L (—4,-52,46) 3.69

Frontal orbital cortex, Frontal pole R (24,32,-14) 3.68

Postcentral, Precentral gyrus R (22,-32,70) 3.63

Superior parietal lobule L (—34,-54,46) 3.61

Precuneus R (8,4842) 358

Posterior cingulate gyrus R (2,-3642) 3.46

Postcentral, Precentral gyrus L (—42,-18,46) 3.44

Middle frontal gyrus, L (—32,28,42) 338
Inferior frontal gyrus

Insula, Frontal orbital cortex R (32,24,-2) 3.36

Thalamus R (8,-6,8) 332

Interaction effect cannabis

by diagnosis

Vermis VI, Cerebellum vermis R (10,-58,—12) 4.00

Right hippocampus R (32,-30,-8) 3.60

ADHD Attention-deficit/hyperactivity disorder, LNCG local normative
control group, R right, L left

right frontostriatal and frontoparietal networks. Activation
differences were visually most prominent in the right
hemisphere with the exception of pre- and post-central
gyrus, which showed a stronger effect in the left hemi-
sphere. Significant clusters in the precuneus cortex and
posterior cingulate gyrus were also right lateralized. To
address possible threshold confounds and to compare with
literature in children and adults (Cortese et al. 2012) a
sensitivity analysis using a sliding z-score threshold was
performed with 0.1 increments in z-threshold (from z=1
to z=4) to quantify the relative global distribution of ac-
tivation across threshold values in 7 functionally connect-
ed networks previously identified by Yeo et al. (Yeo et al.
2011). This analysis observed that the group differences
were primarily located in regions associated with
frontoparietal connectivity (see Supplemental Figure 1).
Voxelwise analyses of subcortical regions revealed that
the right caudate and right thalamus were significantly
less active in the ADHD than LNCG. Native space sub-
cortical ROI analyses confirmed significant group differ-
ences in right caudate (p=0.01), thalamus (p=0.05) and
putamen (p=0.04), as well as left pallidum (p=0.05)
(Fig. 3). With the exception of the frontal pole, all signif-
icant cortical regions showed NoGo>Go activation in the
LNCGs and relatively null NoGo>Go activation in
ADHD participants.

There were no significant clusters in which ADHD partic-
ipants demonstrated greater inhibition-related activation than
the control group. No main effects of cannabis use on response
inhibition were observed.

A secondary analysis that included age and gender as co-
variates found a similar pattern of group differences. No sig-
nificant difference in total withdrawal symptoms between
ADHD cannabis users and LNCG cannabis users was found.

Diagnosis by cannabis use interaction effects during response
inhibition

There was a significant ADHD diagnosis by cannabis use
interaction in the right hippocampus and cerebellar vermis
during successful response inhibition (Table 2 and Fig. 4).
The LNCG cannabis users showed significantly more ac-
tivation (NoGo>Go) in these regions than LNCG non-
users (Hippocampus p<.001; Cerebellar Vermis p<.01),
whereas ADHD cannabis users showed non-significantly
lower activation in these regions than ADHD cannabis
non-users. In addition, among cannabis users, the LNCG
participants activated these regions more than the
ADHD participants (Hippocampus p<.001; Cerebellar
Vermis p<.01), whereas among non-users, ADHD par-
ticipants activated these regions non-significantly less
than LNCG participants. Go versus Rest (inter stimulus
interval) and NoGo versus rest contrasts indicate that
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Inhibition: LNCG>ADHD

GRF Cluster
Thresholded
p>.05

2=2.3 - 4.0

Fig. 2 Main effect of ADHD diagnosis during an inhibition (NoGo>Go)
task. Cortical network differences are primarily right lateralized and in-
clude frontal and parietal regions, which are reduced in subjects with
history of childhood ADHD. No regions of activation were significantly
greater in ADHD than LNCG subjects

the interaction effects between diagnosis and cannabis
use were dominated by the NoGo (inhibition) trial acti-
vations (Fig. 5).

Post-hoc analyses of nicotine use and medication status

Post-hoc analyses of the ROIs identified as having main or
interaction effects of cannabis use and diagnosis were tested
for confounding effects of tobacco use and current medication
status. All six ROIs showing a main effect of diagnosis
remained significant when including medication status and
nicotine use as covariates (LNCG>ADHD: R Frontal Pole
p<10"* R Parietal Lobe p<10°; R Caudate p<10~>; R/L
Precuneus p=0.005; L Parietal Lobe p<0.005; R Inferior
Frontal Gyrus p<107).

Fig. 3 Main effect of ADHD
diagnosis: group map and
anatomically defined subcortical
ROI boxplot. Significant clusters
of hypoactivation in ADHD
subcortical cortices include right
caudate, thalamus and accumbens
(lef?). Further native space
analyses confirmed right caudate
hypoactivation in ADHD (right)
participants along with right
putamen and left pallidum
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Discussion

The main findings of this study are twofold. First, young
adults with a childhood diagnosis of ADHD show a higher
likelihood of commission errors (i.e., response inhibition def-
icits) and lower activation in frontostriatal and frontoparietal
circuits associated with successful response inhibition during
a Go/NoGo task irrespective of cannabis use history. Second,
cannabis use by young adults without ADHD leads to greater
recruitment of the hippocampus and cerebellar vermis when
correctly inhibiting a response, an effect not observed in the
ADHD subjects.

Our findings of diminished cognitive control in ADHD and
hypoactivity of prefrontal circuitry are consistent with previ-
ous work in ADHD (Hart et al. 2013; Dickstein et al. 2006).
Specifically, the in-scanner behavioral performance is consis-
tent with studies that have defined response inhibition deficits
as being characteristic of ADHD, both in children, who ex-
hibit a significantly higher likelihood of false positive re-
sponses (Durston et al. 2003), and across development
(Slaats-Willemse et al. 2003). While response inhibition in
adults with a history of ADHD has been less-studied, there
is evidence that response inhibition deficits persist into adult-
hood as shown by a correlation between response time vari-
ability (another hallmark of ADHD (Leth-Steensen et al.
2000)) and failed inhibition (Bellgrove et al. 2004). Also, a
meta-analysis investigating neuropsychological traits in adults
with ADHD compared to normal controls reported medium to
large effect sizes for response inhibition deficits in adult
ADHD participants (Marije Boonstra et al. 2005). Not surpris-
ingly, our results are consistent with the out-of-scanner cogni-
tive battery results obtained on a superset of the individuals
included in the current study, which showed cognitive control
impairments in ADHD subjects independent of cannabis use
(Tamm et al. 2013). The context of these findings in a sample

Subcortical Inhibition: LNCG>ADHD
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Fig. 4 Interaction effects of cannabis use and ADHD diagnosis.
Significant regions of marijuana use by ADHD diagnosis interaction
effects included right hippocampus, right cerebellum/vermis and lingual
gyrus
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of individuals with a childhood ADHD diagnosis followed
longitudinally may not be directly comparable to studies of
individuals who are diagnosed with ADHD as adults, as these
populations are only partially overlapping (Barkley et al.
2008).

The hypoactivity in prefrontal, parietal and striatal regions
of ADHD individuals in our study is largely consistent with

existing literature. While there is evidence of parietal ADHD
hyperactivation in children (Durston et al. 2003), the majority
of studies cited in recent meta-analyses indicate frontoparietal
and frontostriatal hypoactivity in the ADHD population (Hart
et al. 2013; Dickstein et al. 2006; Casey and Durston 2006).
Specifically, our findings of hypoactivity in the left precentral,
middle frontal, inferior frontal, and posterior cingulate gyrus;
right postcentral, insula, parietal and thalamus regions are
consistent with those reported as being involved in ADHD
during inhibition tasks in the meta-analysis by Dickstein
et al. Similarly, the Hart et al. meta-analysis investigating at-
tentional tasks in ADHD reported involvement of networks
similar to the right lateralized frontoparietal/frontostriatal ac-
tivation differences reported here (i.e., right middle frontal
gyrus, inferior parietal, precuneus, thalamus, caudate and
insula) (Hart et al. 2013). Finally, in a recent review of 55
fMRI studies of ADHD, 97 % of hypoactivity in adults with
ADHD was located in frontoparietal connectivity networks
(Cortese et al. 2012) as defined by the seven-network model
proposed by Yeo et al., consistent with our findings.
Significant hypoactivation of the right insula was observed,
but not the left thalamus and anterior cingulate cortex, as re-
ported in the recent meta-analysis by Hart et al.

The co-occurrence of regular cannabis exposure with
ADHD histories was not associated with increased commis-
sion errors or the degree of brain recruitment relative to
ADHD subjects with minimal or no cannabis exposure. In
sum, the neurodevelopmental effect of an ADHD history

Cannabis Use by ADHD Diagnosis in Right
Hippocampus and Cerebellum/Vermis
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appears to exert a markedly more pronounced effect on be-
havioral and brain signatures of impulsivity than cannabis
exposure. This pattern is supported by separate cross-
sectional studies of ADHD and of cannabis exposure.
Greater commission errors during inhibition tasks in ADHD
subjects have been generally replicated, often in tandem with
neurophysiological performance reflecting reduced recruit-
ment (Hart et al. 2013; Dickstein et al. 2006). However, anal-
ogous findings of cross-sectional differences between canna-
bis users and controls are mixed, with some studies finding
impaired inhibition in non-dependent cannabis-using groups
(Moreno et al. 2012), but other studies showing no significant
differences in commission errors (van Holst and Schilt 2011)
even using difficult variants of the Go/NoGo paradigm
(Dougherty et al. 2012) or in populations meeting criteria for
cannabis abuse or dependence (Gonzalez et al. 2012). The
effects of current use and washout have not been adequately
studied. Our subjects were at least 36 h abstinent from canna-
bis use based on self-report; no biological confirmation was
obtained. We did not find a significant correlation between the
frequency of use in the past month (R,.x=0.19, p>0.1) or age
of onset of regular use (R,.x=—0.24, p>0.05) with regional
activation within the cannabis using groups. It is possible that
the appetitive Go/NoGo face task may have been more engag-
ing than non-emotional versions of the tasks, resulting in
greater attention and or motivation in the ADHD subjects,
thereby attenuating group differences.

The mediation of the blood-oxygen-level dependent
(BOLD) response by cannabis use within this study was lim-
ited to ADHD diagnosis by cannabis use interactions in the
hippocampus and cerebellar vermis. The lack of a main effect
of substance use is supported behaviorally within this sample
(Tamm et al. 2013) and other studies (McDonald et al. 2003).
In one study, cannabis exposure has been associated with
BOLD activation during inhibition (Smith et al. 2011). One
recent review suggests that the discordance between behavior
and brain activity supports the theory of increased activation
in cannabis users as compensation for altered circuitry
(Martin-Santos et al. 2009). Although increased activation
during response inhibition in cannabis users was not shown
in our ADHD participants, it was observed in the LNCG
group. The maturation of the frontal-striatal-thalamic and
frontal-cerebellar networks that mediate response inhibition
are a hallmark of the transition from childhood to young adult-
hood (Rubia et al. 2007). Our findings in young adults may
therefore reflect a delayed maturation trajectory in ADHD
participants, consistent with work by Shaw et al. (Shaw
etal. 2007). Furthermore, the lack of a main effect of cannabis
use across diagnoses may be reflective of the opposing effects
of cannabis use in the ADHD and LNCG participants.

The notion that the hippocampus and cerebellum are espe-
cially plastic with respect to cannabis use may not be altogeth-
er surprising considering these two regions comprise part of
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the endocannabinoid system. The cerebellum is an important
structure of the response inhibition circuit (Rubia et al. 2007).
The basal ganglia and cerebellum have the highest concentra-
tion of cannabinoid receptors and cannabinoids are known to
produce hippocampal neurogenesis (Jiang et al. 2005).
Furthermore, cannabinoids can activate CB1 receptors in the
hippocampus, effecting dopamine release (Terzian et al. 2011)
and higher activation in the service of normative performance
in vigilance tasks is typical of cannabis studies in youth
(Tapert et al. 2007).

It should be noted, however, that the response inhibition
task used in this study might have assessed additional cogni-
tive constructs. For example, the task involved a low-
frequency presentation which is susceptible to the oddball
effect (Braver et al. 2001), and a switching target between runs
which potentially recruited working memory networks
(Criaud and Boulinguez 2013). Further, the task was relatively
easy for most participants and involved repetitive stimuli,
which may have resulted in the task assessing attention more
generally as opposed to response inhibition. The alignment of
our results with meta-analysis results of attention tasks (Hart
etal. 2013) support this theory. While one could argue that the
lack of anterior cingulate cortex differences in ADHD contra-
dicts this, anterior cingulate activation appears to diminish
with increasing age (Hart et al. 2013).

Despite the robust effects of diagnosis presented in this
work, there are limitations to be considered. LNCG sample
sizes were small when considering subgroups broken down by
site and cannabis use status. This is especially relevant for the
lack of significant difference between smoking status in
ADHD and LNCG participants, and correlations with activa-
tion and age of first use. Further, the ADHD and LNCG
groups differed in the number of correct NoGo trials, thereby
potentially influencing statistical inference. In addition, our
sample, especially the cannabis users, was disproportionately
male. A recent study found gender differences in right parietal
and left fronto-parietal regions during motor inhibition (Rubia
etal. 2013). Although our secondary analyses using gender as
a covariate did not show it to significantly impact the findings,
our results may not generalize to female cannabis-users. We
also excluded adults who reported binge-drinking alcohol
more than once a week. Heavy drinking, often co-occurring
with frequent cannabis use, may have contributed to results in
prior studies. We did not assess brain-based activity prior to
cannabis use; longitudinal studies with both behavioral and
imaging measures are needed to disentangle a temporal order-
ing of constructs. Regardless, to our knowledge, this study is
the largest to date investigating the association between
ADHD and cannabis use, and, as a multisite study
encompassing a heterogeneous sample, increases the general-
izability of results.

We caution that the absence of behavioral decrements in
regular light cannabis users does not necessarily indicate that
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chronic cannabis exerts minimal effects on the non-
intoxicated brain. We detected a cannabis-by-ADHD interac-
tion in hippocampus and cerebellar vermis, where activation
during inhibition was higher in cannabis users compared to
non-users, but only within the non-ADHD subject groups.
Altered gray matter volume in right parahippocampal gyrus
(Matochik et al. 2005), right hippocampus (Ashtari et al.
2011), and cerebellar vermis (Cousijn et al. 2012) has been
found in cannabis-using subjects. Moreover, greater right
parahippocampal recruitment during a face-naming task was
also found in cannabis users (Nestor et al. 2008). Therefore, it
is possible that altered patterns of activation to Go/NoGo faces
in these structures among non-ADHD cannabis users stem
from these morphological abnormalities, where the ADHD
neurodevelopmental phenotype avoids this regional brain ef-
fect by engaging different neurocircuitry to inhibit non-target
behavior.

Indeed, a recent comprehensive review of 43 studies
examining structural and functional brain differences be-
tween chronic cannabis users and controls (Batalla et al.
2013) indicates numerous altered patterns (usually in-
creases) of brain activation in the service of normal behav-
ioral performance in cannabis users. Such activation in-
creases in cortical executive control regions are typically
interpreted as evidence of less efficient cortical processing
(Roberts and Garavan 2010) and where, in contrast, re-
duced activation in response to impulsive errors can be
interpreted as blunted awareness of errors in drug users
(Hester et al. 2009). Therefore, the lack of behavioral and
brain main effects of regular light cannabis use may not
generalize beyond young adult light-to-moderate users and
may not apply to older cannabis users following decades of
use. Finally, behavioral impairments from chronic canna-
bis use might be more evident in real-world situations that
do not elicit unusual vigilance or attention.

Conclusions

This work has demonstrated clear inhibitory network differ-
ences between participants diagnosed during childhood with
ADHD and a Local Normative Comparison Group. Two re-
gions of the endocannabinoid system, the hippocampus and
cerebellar vermis, have been identified as being uniquely in-
fluenced by an interaction between cannabis use and the al-
tered brain circuitry of ADHD diagnosed individuals. Future
studies targeting hippocampal and cerebellar-dependent func-
tion in these groups may provide further insight into how this
circuitry is altered by comorbid ADHD and cannabis use.
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