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Treatment Study of Children with ADHD (MTA). We examined task-independent intrinsic functional connectiv-
ity (iFC) within 9 functional networks using a 2 × 2 design, which compared four groups of participants: (1) in-
dividuals with a childhood diagnosis of ADHD who currently use cannabis (n=23); (2) individuals with ADHD
who do not currently use cannabis (n = 22); (3) comparisons who currently use cannabis (n = 15); and (4)
comparisons who do not currently use cannabis (n = 15). The main effects of childhood ADHD were primarily
weakened iFC in networks supporting executive function and somatomotor control. Contrary to expectations, ef-
fects of cannabis usewere distinct from those of diagnostic group and no interactionswere observed. Exploratory
brain-behavior analyses suggested that ADHD-related effects were primarily linked with poorer neurocognitive
performance. Deficits in the integrity of functional networks supporting executive function and somatomotor
control are consistent with the phenotypic and neurocognitive features of ADHD. Our data suggest that cannabis
use does not exacerbate ADHD-related alterations, but this finding awaits replication in a larger sample. Longitu-
dinal neuroimaging studies are urgently required to delineate the neurodevelopmental cascade that culminates
in positive and negative outcomes for those diagnosed with ADHD in childhood.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Attention/Deficit-Hyperactivity Disorder (ADHD) is increasingly
conceptualized as reflecting delayed or disrupted brain development.
Two decades of neuroimaging studies have revealed multiple loci of
ADHD-related abnormalities throughout the brain (Cortese et al.,
2012; Cubillo et al., 2012; Faraone et al., 2015; Friedman and
Rapoport, 2015;Hart et al., 2013). Recently, techniques that assess func-
tional interactions amongst brain regions, such as intrinsic functional
connectivity (iFC), have heralded a shift in explanatory focus from
discrete loci of dysfunction to dysconnectivity of large-scale functional
circuits (Di Martino et al., 2014). Studies capitalizing on these tech-
niques have revealed ADHD-related alterations in networks supporting
higher-order cognitive functions including attention and executive con-
trol over behavior (e.g., the frontoparietal network), mind-wandering
and social cognition (e.g., the default network), as well as in networks
supporting primary sensory and motor functions (e.g., visual and
somatomotor networks) (Castellanos and Aoki, 2016; Castellanos and
Proal, 2012; Posner et al., 2014). A critical next step is to link these net-
work alterations with specific aspects of the ADHD phenotype, so that
we may begin to unravel the neurodevelopmental trajectories leading
to both positive and negative long-term outcomes.

One of themost salient long-term implications of a childhood diagno-
sis of ADHD is an increased risk for substance use, abuse, or dependence
in adolescence and adulthood (Charach et al., 2011; Klein et al., 2012; Lee
et al., 2011). Indeed, many studies of adult ADHD include participants
who report significant substance use, and many studies of substance-
using populations report significant comorbidity for ADHD. Consistent
with population-wide trends, cannabis is themost commonly used illicit
substance amongst individualswith ADHD (Lee et al., 2011;Molina et al.,
2013). A key question is how cannabis use, particularly during the sensi-
tive developmental period of adolescence, affects or interacts with
ADHD-related alterations in brain functional organization.

Cannabinoids exert both neuroprotective and neurotoxic effects in
brain (Fowler et al., 2010; Sarne et al., 2011). One contributing factor
is the developmental period during which exposure occurs (Downer
and Campbell, 2010); when cannabis use is initiated during develop-
mentally critical periods such as adolescence, itmay disturb thematura-
tional refinement of functional circuits (Bossong and Niesink, 2010;
Lubman et al., 2015), a neurotoxic effect. Accordingly, regions rich in
cannabinoid receptors, including prefrontal cortex, striatum, medial
temporal lobe, and cerebellum, as well as white matter structures
such as the corpus callosum, exhibit both structural and functional
abnormalities amongst cannabis users (e.g., Arnone et al., 2008;
Battistella et al., 2014; Filbey et al., 2014; Medina et al., 2010; Zalesky
et al., 2012) (for reviews see Baker et al., 2013; Batalla et al., 2013;
Jacobus and Tapert, 2014; Lorenzetti et al., 2014). Initial iFC studies
suggest that functional interactions within large-scale networks are
also altered, though both weakened (Orr et al., 2013) and strengthened
iFC (Behan et al., 2013), or a mixed pattern (Houck et al., 2013) have
been observed. Most recently, Filbey et al. (2014) found strengthened
iFCwithin orbitofrontal cortex in chronic cannabis users relative to con-
trols, with earlier-onset users exhibiting the strongest iFC. The authors
concluded that, in line with observations from task-based fMRI studies
of chronic cannabis users (Batalla et al., 2013), strengthened iFCmay re-
flect a compensatory adaptation, suggesting that chronic cannabis use is
associated with complex neuroadaptive processes that remain to be
fully understood.

It is important to understand how cannabis use interacts with
neurocognitive vulnerabilities related to ADHD. The effects of cannabis
use on brain functional organization in ADHD have not previously
been examined; the current study addresses this research gap. We re-
cruited a subsample of participants from a large multi-site longitudinal
study of ADHD, the Multimodal Treatment Study of Children with
ADHD (MTA), and used iFC analyses to examine the integrity of large-
scale functional networks in young adults with andwithout a childhood
diagnosis of ADHDwhowere either frequent users or non-users of can-
nabis. This 2 × 2 design permitted the assessment of main effects of
ADHD diagnosis and cannabis use, as well as their interaction. Consis-
tent with the pattern of neurocognitive deficits typically observed in
ADHD, we expected to see relatively weakened iFC within circuits
supporting executive function and somatomotor control. Although evi-
dence concerning the effects of cannabis use on iFC ismixed,we expect-
ed that ADHD-related alterationswould be exacerbated by cannabis use
in this young sample.

2. Methods and materials

The MTA sample includes 579 individuals diagnosed in childhood
with ADHD Combined Type, followed longitudinally at 2–3 year intervals
since ascertainment and 14-month randomized-controlled trial treat-
ment at age 7–9.9 years. It also includes 289 individuals matched for
age and neighborhood who were recruited to a local normative compar-
ison group (LNCG). Data for the present studywere obtainedwhena sub-
sample participated as 21–25 year olds in a multi-site neuroimaging
protocol (6 sites: New York University, University of Pittsburgh, Univer-
sities of California, Irvine & Berkeley, Duke University, and Columbia
University) aimed at examining the impact of cannabis use on brain
structure and function in individuals with a childhood diagnosis of
ADHD. The study was approved by each site's Institutional Review
Board. Informed consent was obtained from all participants. All work
was carried out in accordancewith The Code of Ethics of theWorldMedical
Association (Declaration of Helsinki) for experiments involving humans.

2.1. Participants

MTA participant demographics and procedures for initial diagnosis
and treatment have been described (The MTA Cooperative Group,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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1999). Participants were recruited to the neuroimaging study during
the follow-up assessments at 14- and 16-years after MTA baseline. A
total of 129 individuals participated, constituting 4 groups in a 2 × 2 de-
sign crossing childhood ADHD with current cannabis use: (1) individ-
uals with a childhood diagnosis of ADHD who currently use cannabis
(ADHD-CAN; n = 44); (2) individuals with a childhood diagnosis of
ADHD who do not currently use cannabis (ADHD-NU; n = 44); (3) in-
dividuals from the LNCG who currently use cannabis (LNCG-CAN;
n = 20); and (4) individuals from the LNCG who do not currently use
cannabis (LNCG-NU; n = 21).

Of these 129 participants, 52 were excluded for the following
reasons:

• Excessive motion during the resting state fMRI scan, defined as mean
root mean square framewise displacement (rmsFD, Jenkinson et al.,
2002) N0.15 mm or N30% of volumes exceeding 0.15 mm rmsFD
(8 ADHD-CAN, 8 ADHD-NU, 2 LNCG-CAN, and 3 LNCG-NU).

• Incomplete resting state scan (1 ADHD-NU).
• Retrospective failure to meet study inclusion/exclusion criteria or
inconsistencies between self- and other-reports of substance use
(3 ADHD-CAN, 2 ADHD-NU).

• Incidental findings (1 ADHD-CAN, 1 ADHD-NU).
• Excessive susceptibility artifact (1 LNCG-NU).
• For CAN, less than weekly cannabis use (9 ADHD-CAN, 3 LNCG-CAN).
• For NU, at least 1 prior assessment point where weekly cannabis use
was reported (8 ADHD-NU, 2 LNCG-NU).

Additionally, 2 female participants were selected at random to be
excluded from the ADHD- NU group to reduce imbalanced sex ratios
across groups.

Sample sizes and demographic details for each group following
these exclusions, along with other relevant variables, are shown in
Table 1.

Potential participants were identified based on self-reported canna-
bis use per the Substance Use Questionnaire (SUQ) and Substance Use
Recency Questionnaire (SURQ) (Molina et al., 2013; Molina and
Pelham, 2003). The SUQ assesses use of alcohol, tobacco products, can-
nabis, and other drugs over the past year; the SURQ assesses use of alco-
hol, tobacco products, cannabis, and other drugs over the past 30 days.
The SUQ alsomeasures age of onset of regular (weekly) use of cannabis
and alcohol. For this study, participants reporting use of cannabis at least
weekly during the past year or past 30 days were classified as CAN, and
asNU if they reported using cannabis fewer than 4 times during the past
year. Fig. 1 illustrates the reported frequency of cannabis use over the
past year and past 30 days across the 4 groups, as well as the reported
age of onset of regular cannabis use. From Fig. 1, we can see that in
the ADHD-SU group, 4 participants reported abstaining from cannabis
use in the past month. However, looking at their reported use over the
past year, 2 of these 4 participants reported using cannabis several
times a day, 1 reported using cannabis 1–3 times per week, and 1 re-
ported using 4–6 times per week. No participants in the LNCG-SU
group reported zero days of cannabis use in the past month. One partic-
ipant in the LNCG-SU group reported using cannabis monthly over the
past year, but reported 18 days of cannabis use over the past 30 days.

Supplementary Figs. S1 and S2 illustrate the reported frequency of
alcohol consumption and cigarette smoking over the past year and
Table 1
Summary of demographic information for each of the 4 groups: ADHD-CAN (individuals with a
who do not currently use cannabis), LNCG-CAN (local normative comparison group participan

Group N Age (SD) % female % right-handed IQ (SD) % current ADHD

ADHD-CAN 23 24.7 (1.2) 4% 83% 103 (1.1) 61% (2 unknown
ADHD-NU 22 25.3 (1.3) 27% 50% 105.4 (1.5) 45% (3 unknown
LNCG-CAN 15 24.5 (1.3) 13% 87% 110.9 (2.0) N/A
LNCG-NU 15 24.4 (1.1) 33% 80% 111.5 (1.9) N/A
past 30 days across the 4 groups, as well as the reported first age of
alcohol intoxication and first age of regular smoking.

Themajority of the participants with childhood ADHD still exhibited
significant ADHD-related impairment (24 of 45 participants). Partici-
pants were classified as having “persistent” ADHD if they had either a
self-report and/or a parent-report endorsing the “often” or “very fre-
quent” experience of at least 4 symptoms in at least one ADHD domain
(i.e., inattentive or hyperactive/impulsive). Participants were classified
as “desistant” if both a self-report and a parent-report lacked an en-
dorsement of symptom persistence. Only 3 participants (1 ADHD-
CAN, 2 ADHD-NU) reported currently taking ADHDmedication. The pri-
mary comorbidities were substance-related: Cannabis Dependence
(n=5), Cannabis Abuse (n=12), Alcohol Dependence (n=1), Alcohol
Abuse (n = 15; results were unchanged when these participants were
omitted, see Supplemental Information), Other Substance Abuse (n =
3). Additionally, 1 participant met criteria for Major Depressive Disor-
der, 1 for Hypomania, and 2 for Conduct Disorder.

Exclusionary criteria included MRI contraindications, neurologic in-
jury or a history of traumatic brain injury, or current use of psychotropic
medications other than for ADHD. Participantswere excluded if they re-
ported monthly or more frequent recreational use of illicit substances
beside cannabis.

2.2. MRI data

Neuropsychological and neuroimaging data were collected during a
single session. Participants abstained from cannabis and alcohol for
36 h, from over-the-counter and prescription medications (including
ADHD medication) for 24 h, and from nicotine and caffeine for 1-h
prior to data collection.

Neuropsychological measures (Tamm et al., 2013) were collected
first, followed by a one-hour MRI session that included acquisition of
structural (T1, T2, diffusion-weighted) and functional (task-indepen-
dent, task-based) imaging data. These sessions took place at one of six
sites, each equipped with a 3T MRI scanner.

2.2.1. Anatomical data
High-resolution anatomical T1-weighted volumes were acquired

using a sagittal 3D inversion recovery spoiled gradient echo (IR-SPGR)
sequence thatwas developed for the Pediatric Imaging, Neurocognition,
and Genetics study (Brown et al., 2012 see Table 2).

2.2.2. Resting state fMRI (R-fMRI)
Resting state scan parameters are shown in Table 2. Participants

were verbally instructed to “continue to stay still, keep your eyes
open, and stay awake, even though you don't have to do anything dur-
ing this part,” and were shown a white fixation-cross in the center of a
black screen.

2.3. R-fMRI data preprocessing

Data processing was performed using AFNI (http://afni.nimh.nih.
gov/afni/), FSL (http://fsl.fmrib.ox.ac.uk), and ANTs (http://stnava.
github.io/ANTs) and comprised (1) volume-based motion-correction,
(2) grand-mean scaling, (3) linear and quadratic detrending (4) nui-
sance signal regression on 24 motion parameters (3 translational and
childhood diagnosis of ADHDwho currently use cannabis), ADHD-NU (ADHD participants
ts who currently use cannabis), and LNCG-NU (LNCG who do not currently use cannabis).

% smokers # of alcohol binges
in past 30 days (SD)

# of days if cannabis
use in past 30 days (SD)

In-scanner motion:
rmsFD (SD)

) 56% 2.0 (0.3) 13.9 (0.9) 0.083 (0.002)
) 18% 2.3 (0.3) 0.1 (0.02) 0.085 (0.002)

33% 2.8 (0.3) 19.5 (0.6) 0.08 (0.003)
7% 0.7 (0.1) 0.1 (0.02) 0.08 (0.002)

http://afni.nimh.nih.gov/afni/
http://afni.nimh.nih.gov/afni/
http://fsl.fmrib.ox.ac.uk
http://stnava.github.io/ANTs
http://stnava.github.io/ANTs


Fig. 1. Self-reported reported frequency of cannabis use over the past year (A) and past 30 days (B) across the 4 groups. (C) shows the self-reported age of onset of regular cannabis use in
the SU groups.
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3 rotational parameters describing participant motion at each TR, 6 pa-
rameters describing participantmotion at TR-1, and the squares of these
terms) and the global signal, (5) spatial smoothing (6mm FWHM), and
(6) band-pass temporal filtering (0.009–0.1 Hz).

Functional-to-anatomical co-registration was performed using FSL's
implementation of bbr (boundary-based registration, Greve and Fischl,
2009). Diffeometric normalization of each participant's anatomical to
MNI152 template space (2 mm resolution) was performed using
ANTs. This nonlinear transformation to template spacewas also applied
to the functional data.

2.4. Intrinsic functional connectivity analyses

We adopted a data-driven approach for detecting functional
networks (intrinsic connectivity networks; ICNs). First, we performed
an independent components analysis (ICA) of all participants'
preprocessed data using FSL's Melodic (temporal concatenation
Table 2
Anatomical T1 and resting state fMRI data collection parameters across the 6 sites. Note that alt
protocol, scanning for that site was performed at UCSF.

Anatomical T1 parameters

MTA site Tesla Make Model TR TE Flip
angle

TI

Duke University 3 T GE Discovery 750 8.04 3.156 8 600
Columbia University 3 T GE Signa 7.756 2.976 8 600
UC Irvine 3 T Siemens Trio 2170 4.33 7 1100
UCSF 3 T Siemens Trio 2170 4.33 7 1100
University of Pittsburgh 3 T Siemens Trio 2170 4.33 7 1100
NYU 3 T Siemens Trio 2170 4.33 7 1100
mode). Dimensionality was free to vary. We then used FSL's Dual Re-
gression to derive participant-level estimates of iFC within each of the
10 identified ICNs, simultaneously.

Next, using FSL's FEAT, a series of group-level 2 × 2 ANOVAs were
performed to identify main and interacting effects of diagnostic group
(ADHD/LNCG) and user status (CAN/NU) on iFC within each of 9 ICNs
(onewhitematter ICNwas excluded). Covariates were: data acquisition
site, sex, age, handedness, IQ, motion (mean rmsFD), smoking status,
and number of alcohol binges in the past month. Regions exhibiting a
main effect of diagnosis or cannabis use or their interaction were iden-
tified using F-tests, spatially constrained to occur within the boundaries
of the ICN identified during the initial ICA. Gaussian Random Field-
based correction for multiple comparisons was performed, with an om-
nibus correction for the number of ICNs examined (9 ICNs; voxel-wise
Z N 2.77, cluster-level p b 0.0056, corrected). Where a significant main
effect or interaction was identified, post-hoc t-tests compared means
between groups.
hough UC Berkeley was one of the 6 MTA sites that took part in the current neuroimaging

R-fMRI parameters

Slice
thickness

#
slices

In-plane
resolution

TR TE Flip
angle

#
TRs

Slice
thickness

#
slices

1.2 mm 166 1x1mm 2000 ms 30 ms 77 180 5 mm 32
1.2 mm 166 1x1mm 2000 ms 30 ms 77 180 5 mm 32
1.2 mm 160 1x1mm 2000 ms 30 ms 77 180 5 mm 32
1.2 mm 160 1x1mm 2000 ms 30 ms 77 180 5 mm 32
1.2 mm 160 1x1mm 3000 ms 30 ms 90 128 3.5 mm 46
1.2 mm 160 1x1mm 3000 ms 30 ms 90 128 3.5 mm 46
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2.5. Post-hoc exploratory brain-behavior analyses

To explore the behavioral significance of our findings, we examined
the relationship between iFC in regions exhibiting a main effect of diag-
nosis or cannabis use and targeted variables of interest. In addition to
ADHD persistence (t-tests compared “persistent” and “desisted” partic-
ipants), we examined measures selected from amongst the neuropsy-
chological indices of executive function (EF) collected as part of the
larger study (Tamm et al., 2013). Specifically, we explored brain-behav-
ior relationships for (1) motor response inhibition [Go/NoGo percent
commission errors], (2) cognitive interference [time to complete the In-
hibition condition of the Delis-Kaplan Executive Function System Color
Word Interference Task (D-KEFS-CWI); longer time indicates greater
cognitive interference], (3) processing speed [time to complete the
Trail Making Task Part B (TMT-B); longer time indicates slower process-
ing speed], (4) risky decision-making [Iowa Gambling Task (IGT) net
score, calculated as advantageous card choices minus disadvantageous
card choices; higher net score indicates less risky choice behavior],
and (5) delayed recall [measured using the Hopkins Verbal Learning
Task (HVLT); higher scores indicate better recall]. The effects of diagno-
sis and cannabis use on the EF measures themselves have been de-
scribed in Tamm et al. (2013). Before computing exploratory brain-
behavior correlations, iFC and the behavioral scores were regressed on
group analysis covariates (acquisition site (iFC data only), sex, age,
Fig. 2. Ten intrinsic connectivity networks (ICNs) revealed by ICA of all participants' data. The n
(N4) cingulo-opercular (also known as the salience network), (N5)medial visual, (N6)whitema
left hemisphere frontoparietal, and (N10) a predominantly subcortical network involving am
including hippocampus, retrosplenial and lateral temporal cortex. Each map shows the grou
comparisons (voxel-wise Z N 2.3, cluster-level p b 0.05, corrected). Images are displayed accor
handedness, IQ, mean rmsFD (iFC data only), smoking status, and num-
ber of alcohol binges in the past month).

3. Results

Independent components analysis of all participants' data with di-
mensionality free to vary identified 10 large-scale intrinsic connectivity
networks (ICNs; Fig. 2), identified as: (Network (N)1) default, (N2)
somatomotor, (N3) dorsal attention, (N4) cingulo-opercular (also
known as the salience network), (N5) medial visual, (N6) white matter
and cerebrospinal fluid, (N7) lateral visual, (N8) right hemisphere
frontoparietal, (N9) left hemisphere frontoparietal, and (N10) a pre-
dominantly subcortical network involving amygdala, putamen, and
thalamus but also posterior components of the default network, includ-
ing hippocampus and lateral temporal cortex.

3.1. Main effects of ADHD

Significant main effects of diagnosis were detected in 4 ICNs.
Within the somatomotor network (N2; Fig. 3A), two large regions

comprising left and right lateral and medial motor cortex (cluster (c)1
and c2 in Fig. 3B, respectively) exhibited weaker iFC in ADHD relative
to LNCG (Fig. 3C).
etworks are identified as follows: (N1) default, (N2) somatomotor, (N3) dorsal attention,
tter and cerebrospinalfluid, (N7) lateral visual, (N8) right hemisphere frontoparietal, (N9)
ygdala, putamen, and thalamus but also posterior components of the default network,
p-level iFC within each ICN, with Gaussian Random Field-based correction for multiple
ding to neurological convention (right is right).



Fig. 3. Significantmain effects of ADHD diagnosis and brain-behavior relationships for N2, the somatomotor network. Panel (A) displays the networkwithin whichwe tested formain and
interacting effects of diagnostic group (ADHD/LNCG) and user status (CAN/NU) on iFC. (B) shows the two clusterswithin N2 that exhibited amain effect of ADHD diagnosis: both c1 in left
lateral primarymotor cortex and c2 in right lateral andmedial primarymotor and supplementarymotor cortex exhibited weaker iFC in ADHD relative to LNCG (C). The right hemisphere
lateral/medialmotor region (c2) exhibited an effect of ADHDpersistence, such that individuals whowere classified as having persistent ADHDexhibited theweakest iFC,while individuals
who were classified as desisted exhibited iFC that was intermediate between those with persistent ADHD and the LNCG participants. Functional connectivity within both c1 and c2
exhibited a significant negative correlation with processing speed (time to complete TMT-B), both across all participants and within the ADHD group alone (relationships for c1 are
shown in D, relationships for c2 are shown in E). **Indicates a brain-behavior relationship significant at p b 0.0083 (i.e., corrected for the number of associations explored for each
cluster). Please note that on the plots, iFC below 0 does not indicate negative iFC, but weaker within-network iFC; iFC values are zero-centered because they have been regressed on nuisance
covariates (data acquisition site, sex, age, handedness, IQ, participant motion, smoking status, recent alcohol binges). Scores on behavioral measures are similarly zero-centered because they
have also been regressed on nuisance covariates (sex, age, handedness, IQ, smoking status, recent alcohol binges). Regions exhibiting a main effect of diagnosis or cannabis use or their
interaction were identified using F-tests, spatially constrained to occur within the boundaries of the ICN identified during the initial ICA. Gaussian Random Field-based correction for
multiple comparisons was performed, with an omnibus correction for the number of ICNs examined (9 ICNs; voxel-wise Z N 2.77, cluster-level p b 0.0056, corrected). Images are
displayed according to neurological convention (right is right).
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Within the dorsal attention network (N3; Fig. 4A), a region in right
posterior parietal cortex, in the posterior intraparietal sulcus (Fig. 4B),
exhibited stronger iFC in ADHD relative to LNCG (Fig. 4C).

Within the cingulo-opercular network (N4; Fig. 5A), one region in
left inferior premotor cortex (Brodmann's Area 6; c1 in Fig. 5B) exhibit-
ed stronger iFC in ADHD relative to LNCG (Fig. 5C), while a second re-
gion in right dorsal prefrontal cortex (c2 in Fig. 5B) exhibited weaker
connectivity in ADHD relative to LNCG (Fig. 5C).

Finally, within the right hemisphere-based frontoparietal network
(N8; Fig. 6A), iFC in the right inferior frontal junction (Fig. 6B) was
weaker in ADHD relative to LNCG (Fig. 6C).
3.2. Main effects of CAN

Significant main effects of cannabis use history were detected in 2
ICNs.

Within the default network (N1; Fig. 6A), iFC in the right superior
temporal sulcus (STS; Fig. 7B) exhibited stronger iFC in CAN relative to
NU (Fig. 7C). Within the lateral visual network (N7; Fig. 8A), left
fusiform gyrus (Fig. 8B) also exhibited stronger iFC in CAN relative to
NU (Fig. 8C).

3.3. Interactions

No significant interactions between ADHD diagnosis and cannabis
use status were observed.

3.4. Post-hoc exploratory brain-behavior analyses

To explore the behavioral significance of our findings, we examined
the relationship between iFC in regions exhibiting significant effects of
diagnosis or cannabis use and a set of targeted EF measures. The effects
of diagnosis and cannabis use on the EFmeasures themselves have been
described in Tamm et al. (2013). In brief, Tamm et al. found that while
ADHD diagnosis was associated with significant impairment across a
range of executive function indices, there were few effects of cannabis
use status. Here, we focused on a subset of the indices examined by
Tamm et al., namely, (1) motor response inhibition (percent Go/NoGo
commission errors), (2) cognitive interference (time to complete the



Fig. 4. Significantmain effects of ADHD diagnosis and brain-behavior relationships for N3, the dorsal attention network. Panel (A) displays N3. (B) shows the posterior intraparietal sulcus
cluster that exhibited amain effect of ADHDdiagnosis (ADHD N LNCG; C). Panel D displays the brain-behavior relationship observed for the region shown in (B): iFCwithin this regionwas
positively correlated with processing speed amongst LNCG participants only (Fig. 3D), indicating that stronger iFC within this region was associated with slower processing speed.
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Inhibition condition of the D-KEFS-CWI), (3) processing speed (time to
complete TMT-B), (4) risky behavior (IGT net score), and (5) HVLT de-
layed recall. Across these indices, the effects and trends associated
with diagnostic group and cannabis status were the same as those ob-
served by Tammet al., albeit sometimesweaker due to themore limited
sample size examined here (75 participants rather than 128). These ex-
aminations of brain-behavior relationships were exploratory; we have
therefore reported findings that were significant at an uncorrected
p b 0.05, as well as those significant when corrected for the number of
associations explored for each cluster (6; p b 0.0083).

3.4.1. Exploratory brain-behavior relationships in regions exhibiting an
effect of diagnosis

Within the somatomotor network (N2), the right hemisphere later-
al/medial motor region that exhibited a significant effect of diagnosis
(ADHD b LNCG) also exhibited an effect of ADHD persistence (Fig. 3C;
t(2,44) = 2.13; p b 0.05), such that individuals with persistent ADHD
exhibited the weakest iFC, while desisters exhibited iFC that was inter-
mediate between those with persistent ADHD and LNCG participants,
though still significantly weaker than LNCG [t(2,44) = 2.40; p b 0.05].
Additionally, for both somatomotor regions that exhibited a diagnostic
effect (Fig. 3B, C), iFC was negatively correlated with processing speed
(time to complete TMT-B): weaker iFCwithin these regions was associ-
ated with slower processing speed.

Within the dorsal attention network (N3), iFC in right posterior
parietal cortex (ADHD N LNCG; Fig. 4B) was positively correlated with
processing speed amongst LNCG participants only (Fig. 4D), indicating
stronger iFC within this region was associated with slower processing
speed.

Within the cingulo-opercular network (N4), iFC in left inferior
premotor region (ADHD N LNCG; Fig. 5B) was negatively correlated
with D-KEFS-CWI Inhibition Time, across all participants as well as
within the ADHD group alone (Fig. 5D), indicating stronger iFC in this
region was associated with less cognitive interference.

Finally, within the right frontoparietal network (N8), iFC within the
right inferior frontal junction (ADHD b LNCG; Fig. 6B) exhibited several
significant relationships. Across all participants and within LNCG alone,
a positive correlationwas observedwith IGT net score (Fig. 6D), indicat-
ing that weaker iFC was associated with more risky choices. Within
LNCG, a negative correlation between iFC and processing speed (TMT-
B) was also observed, indicating weaker iFC was associated with slower
information processing (Fig. 6E). Last, across all participants, a negative
correlation was observed between iFC and D-KEFS-CWI Inhibition Time
(Fig. 6F), indicating weaker iFC in this region was also associated with
greater cognitive interference.
3.4.2. Exploratory brain-behavior relationships in regions exhibiting amain
effect of cannabis use

Within the default network (N1), iFC in the right STS (CAN N NU;
Fig. 7B) exhibited a positive correlation with HVLT delayed recall, both
across all participants and in the NU group alone (Fig. 7D), indicating



Fig. 5. Significantmain effects of ADHDdiagnosis and brain-behavior relationships for N4, the cingulo-opercular network. Panel (A) displays N4. (B) shows the two clusterswithin N4 that
exhibited a main effect of ADHD diagnosis: c1, in left inferior premotor cortex (Brodmann's Area 6) exhibited stronger iFC in ADHD relative to LNCG (C, left), while c2, in right dorsal
prefrontal cortex exhibited weaker connectivity in ADHD relative to LNCG (C, right). Panel D displays the brain-behavior relationship observed for c1: iFC within this region was
negatively correlated with D-KEFS-CWI Inhibition Time, across all participants (D, upper) as well as within the ADHD group alone (D, lower). This relationship indicates that stronger
iFC in this region was associated with less cognitive interference. **Indicates a brain-behavior relationship significant at p b 0.0083 (i.e., corrected for the number of associations
explored for each cluster).
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that those with stronger iFC in this network exhibited the best delayed
recall performance.

Within the lateral visual network (N7), iFC in left fusiform gyrus
(CAN N NU; Fig. 8B) exhibited a significant negative correlation with
Go/NoGo commission errors (Fig. 8D) amongst CAN, suggesting that
stronger iFC was associated with better inhibitory control. The same re-
gion also exhibited a significant negative relationship with D-KEFS-CWI
Inhibition Time, indicating stronger iFC in this region was also associat-
ed with less cognitive interference, across all participants and amongst
NU (Fig. 8E).

4. Discussion

We examined whether frequent cannabis use interacts with a child-
hood diagnosis of ADHD to affect the integrity of large-scale functional
networks. Consistent with our primary hypothesis, we observed pre-
dominantly weaker iFC in ADHD relative to comparisons in networks
supporting somatomotor and executive function (EF). Contrary to
expectations, the effects of cannabis use were distinct from those of
diagnostic group; there were no interacting effects, and the relatively re-
strictedmain effects of cannabis usewere observed in different function-
al networks (the default and lateral visual networks). These findings are
in line with those of Tamm et al. (2013), who examined neurocognitive
performance in an overlapping sample – while individuals with a
childhood diagnosis of ADHD exhibited decrements in EFs such as re-
sponse inhibition and decision-making, there were no significant effects
of recent cannabis use and no interactions between ADHD history and
cannabis use. Task-based fMRI data collected from an overlapping sam-
ple of participants while they performed a Go/NoGo task revealed a sim-
ilar pattern (Rasmussen et al., 2015), as did an analysis of cortical
thickness (Lisdahl et al., 2016). Taken together, these data suggest that
weekly cannabis use does not exacerbate underlying neuronal vulnera-
bilities in individuals with a childhood diagnosis of ADHD. However,
this conclusion must be viewed in the context of several limitations, as
discussed below.

4.1. Childhood diagnosis of ADHD and iFC

A key phenotypic feature of ADHD is motor dysregulation; deficits in
motor control, such as impairedmotor inhibition and increased response
time variability, are the most consistently observed neurocognitve
deficits across studies (Rasmussen et al., 2015). Here, themost salient ef-
fect of a childhood diagnosis of ADHD was weakened iFC within the
somatomotor network. This agrees with a previous effort that aimed to
identify iFC-based signatures of ADHD, which found that abnormalities
in sensorimotor cortex iFCwere common to both Combined and Inatten-
tive subtypes (Fair et al., 2012). Strikingly, we found that iFC within the
somatomotor network was also related to performance on the TMT-B,



Fig. 6. Significantmain effects of ADHD diagnosis and brain-behavior relationships for N8, the right-hemisphere frontoparietal network. Panel (A) displays N8. (B) shows the right inferior
frontal junction region that exhibitedweaker iFC in ADHD relative to LNCG (C). Functional connectivity within this cluster exhibited several brain-behavior relationships. Panel (D) shows
the significant positive relationship obtained across all participants (D, left) andwithin LNCG alone (D, right) between iFC and IGT net score, indicating that stronger iFC in this regionwas
associated with less risky choice on the IGT. Panel (E) shows a negative correlation between iFC and processing speed (TMT-B) within LNCG, indicating that stronger iFC was associated
withmore rapid information processing. Panel (F) shows a negative correlation observed across all participants between iFC and D-KEFS-CWI Inhibition Time, indicating that stronger iFC
in this regionwas also associatedwith less cognitive interference. **Indicates a brain-behavior relationship significant at p b 0.0083 (i.e., corrected for the number of associations explored
for each cluster).
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such that those with the slowest processing speeds exhibited the
weakest iFC. The areas implicated overlap with regions activated in an
fMRI study of a computerized analogue of the TMT-B task (Jacobson et
al., 2011). Finally, iFC within the somatomotor network was weakest in
those with persistent ADHD. This suggests that ADHD-related deficits in
somatomotor network integrity may ameliorate for those whose
symptoms decrease. Importantly, however, iFC in remitters was still sig-
nificantly weaker than in LNCG. This finding is consistent with observa-
tions, primarily from structural imaging, that although some neuronal
effects of ADHDmay reflect neurodevelopmental delays that “normalize”
with remission (Shaw et al., 2013, 2015), others persist (e.g., Cortese et
al., 2013; Proal et al., 2011). Our data thus support the suggestion that
ADHD-related reductions in the integrity of the somatomotor network
are central to the neuronal phenotype of ADHD and are a good candidate
for imaging-based prediction of ADHD diagnosis (Fair et al., 2012).

Deficits in EF represent a second key neurocognitive dimension of
impairment in ADHD. Consistent with this, ADHD-related reductions
in iFCwere also observedwithin the frontoparietal network – specifical-
ly, within the right inferior frontal junction (IFJ). Examining an overlap-
ping sample of participants, Rasmussen et al. (2015) detected weaker
task-related activation during a Go/NoGo task in primarily right-
lateralized frontoparietal regions, including IFJ. These observations are
in line with a meta-analysis of 55 fMRI studies of ADHD, which found
that virtually all regions of reported ADHD-related hypoactivity in adults
were located in the frontoparietal network (Fair et al., 2012). Studies of
iFC have also repeatedly highlighted ADHD-related frontoparietal
network dysconnectivity (Rasmussen et al., 2015). These ADHD-related
alterations in frontoparietal iFC have been linked with both symptoms
and EF (Lin et al., 2015). Here, we found that iFC within the IFJ was
significantly correlated with several EF indices, including risky choice
(Fig. 6D), visuomotor processing speed (Fig. 6E), and cognitive interfer-
ence (Fig. 6F), consistent with a hypothesized role for the IFJ as a nexus
in the executive control of behavior (e.g., Brass et al., 2005; Derrfuss et
al., 2005; Levy andWagner, 2011),

Although individuals with childhood ADHD predominantly exhibit-
ed weakened iFC relative to LNCG, they exhibited strengthened iFC in
two networks. The brain-behavior relationship observed for the dorsal
attention network (Fig. 4B) suggests that stronger integration of right
posterior parietal cortex within that network is maladaptive, as it was
associated with slower processing speed in LNCG participants. In
contrast, stronger integration of left inferior premotor region within
the cingulo-opercular network was associated with less cognitive inter-
ference (Fig. 5D), suggesting that ADHD-related strengthening of iFC
within the cingulo-opercular network may reflect a compensatory



Fig. 7. Significant main effects of cannabis use and brain-behavior relationships for N1, the default network. Panel (A) displays N1. (B) shows the right STS cluster that exhibited a main
effect of cannabis use (CAN N NU; C). Panel D displays the brain-behavior relationship observed for the region shown in (B): iFC within this region was positively correlated with HVLT
delayed recall, both across all participants (D, upper) and in the NU group alone (D, lower). This relationship suggests that those with stronger iFC in this region exhibited the best
delayed recall performance.
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adaptation - the strengthening of connections or recruitment of addi-
tional brain regions in the service of maintaining normal cognitive
performance.

4.2. Effects of frequent cannabis use on iFC

We expected that weekly cannabis use would be associated with
deficits in iFC, particularly when combined with a childhood diagnosis
of ADHD. This hypothesis was not confirmed, however, and the pattern
of brain-behavior relationships observed for the two loci of cannabis
use-related alterations in iFC are suggestive of neuroadaptive processes
in CAN. Within right STS, which was more strongly integrated within
the default network in CAN, stronger iFC was associated with superior
delayed recall (Fig. 7). Similarly, within left fusiform gyrus, which was
more strongly integratedwithin the lateral visual network in CAN, stron-
ger iFC was associated with (a) better response inhibition performance
and (b) reduced cognitive interference (Fig. 8). These observations may
be viewed as consistent with a recent systematic review of functional
and structural MRI studies of chronic cannabis users (Batalla et al.,
2013), which reported a pattern of predominantly increased task-related
activation in cannabis users, relative to controls, across studies. The
authors attributed this pattern to compensatory neuroadapation. Our ob-
servations are also in line with the near-absence of EF deficits associated
with recent cannabis exposure in an overlapping sample (Tamm et al.,
2013). It is important to note that this set of findings does not mean
that negative effects of cannabis use on brain function are not observed,
however. Indeed, analyses examining the impact of age of onset suggest
that early age of regular cannabis use onset in participants with ADHD is
associated with additional structural abnormalities (Lisdahl et al., 2016)
and executive function deficits (Tamm et al., 2013). As emphasized by
Batalla et al. (2013), large-scale, prospective, longitudinal studies are
required to fully delineate the evolution of such effects and the long-
term impact of cannabis use on cognitive function and behavior, particu-
larly when use is initiated in adolescence and in the context of



Fig. 8. Significant main effects of cannabis use and brain-behavior relationships for N7, the lateral visual network. Panel (A) displays N7. (B) shows the left fusiform gyrus cluster that
exhibited a main effect of cannabis use (CAN N NU; C). Two brain-behavior relationships were observed for the region shown in (B): iFC exhibited a significant negative correlation
with inhibitory control (Go/NoGo commission errors) amongst CAN, suggesting that stronger iFC was associated with better inhibitory control (D). This region also exhibited a
significant negative relationship with D-KEFS-CWI Inhibition Time, indicating that stronger iFC in this region was also associated with less cognitive interference, both across all
participants (E, left) and amongst NU (E, right).

198 C. Kelly et al. / NeuroImage: Clinical 13 (2017) 188–200
neurodevelopmental disorders such as ADHD. Current societal move-
ments toward legalization of cannabis use render such studies all the
more urgent.
4.3. Limitations

Our findings should be viewed in the context of several limitations.
First is that while recruiting from the MTA sample provided a unique
and invaluable opportunity to assess brain functional architecture in in-
dividuals with childhood ADHDwho have been followed longitudinally
since middle childhood, our final sample, once divided into 4 groups,
was relatively small. Consequently, even though studies have shown
that acute (An et al., 2013; Cary et al., 2016; Hong et al., 2015; Yang et
al., 2016) and long-term (Battel et al., 2016) stimulant treatment can
alter network functional connectivity in ADHD, we were unable to
leverage the rich longitudinal phenotypic data available for MTA partic-
ipants (e.g., treatment received, symptom trajectories) due to the pro-
hibitively small samples remaining once participants were stratified
accordingly. Future analyses of data collected as part of the larger MTA
study will examine important questions related to the effects of cumu-
lative exposure to ADHD medications over time on neurocognitive
performance and brain function; unfortunately such questions could
not be addressed in the current study.
Small sample size may have proved particularly problematic for de-
tecting the effects of cannabis use, and impaired our ability to explore
brain-behavior relationships in depth. Though similarly few effects
were seen in an examination of neurocognitive data collected from an
overlapping sample of participants, exploratory analyses of the effects
of age of onset of use suggested that younger age of onset was associat-
ed with poorer neurocognitive performance (Tamm et al., 2013). Given
evidence (e.g., Batalla et al., 2013) of compensatory neuroadaptation to
cannabis use, aswell as evidence of greater effects with greater chronic-
ity of use (Lisdahl et al., 2014), studies in larger longitudinal samples are
required before we can conclude that cannabis use in the context of a
childhood diagnosis of ADHD does not have a negative impact on
brain functional organization.

Our investigation of the effects of cannabis use may also have been
subject to other limitations. First, cannabis usage was obtained via
self-report; some usersmay not have admitted to use ormay have inac-
curately reported frequency or age of initiation. Second, althoughwe fo-
cused on those reporting at leastweekly use, thismay still not have been
sufficient to be associatedwith detectable effect sizes, particularly given
the sample size. Third, duration of cannabis use was unknown, though
the mean reported age of onset of monthly use was approximately
16 years (see Fig. 1) and the mean age of the participants when they
took part in this imaging study was approximately 25 years. Finally,
the effects of other substances (alcohol, nicotine) may be larger or
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morewidespread than those of cannabis (Weiland et al., 2015); control-
ling for these confounds may have further weakened our ability to de-
tect cannabis effects.

4.4. Conclusions

Reduced integrity of large-scale functional networks, particularly
those supporting executive function and somatomotor control, appears
to be a persistent correlate of a childhood diagnosis of ADHD.While can-
nabis use does not appear to reflect a strong confound in iFC studies of
ADHD, replication of our observations in larger-scale longitudinal stud-
ies is required. Longitudinal neuroimaging studies are demanding, cost-
ly, and complex. However such studies are absolutely essential to our
ability to unravel and ultimately intervene in the neurodevelopmental
cascade that culminates in positive and negative long-term outcomes
for those diagnosed with ADHD in childhood.
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