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Abstract

Cannabis and alcohol are believed to have widespread effects on the brain. Although adolescents
are at increased risk for substance use, the adolescent brain may also be particularly vulnerable to
the effects of drug exposure due to its rapid maturation. Here, we examined the association
between cannabis and alcohol use duration and resting-state functional connectivity in a large
sample of male juvenile delinquents.

The present sample was drawn from the Southwest Advanced Neuroimaging Cohort, Youth
sample, and from a youth detention facility in Wisconsin. All participants were scanned at the
maximume-security facilities using The Mind Research Network’s 1.5T Avanto SQ Mobile MRI
scanner. Information on cannabis and alcohol regular use duration was collected using self-report.
Resting-state networks were computed using group independent component analysis in 201
participants. Associations with cannabis and alcohol use were assessed using Mancova analyses
controlling for age, 1Q, smoking and psychopathy scores in the complete case sample of 180 male
juvenile delinquents.

No associations between alcohol or cannabis use and network spatial maps were found. Longer
cannabis use was associated with decreased low frequency power of the default mode network, the
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executive control networks (ECNSs), and several sensory networks, and with decreased functional
network connectivity. Duration of alcohol use was associated with decreased low frequency power
of the right frontoparietal network, salience network, dorsal attention network, and several sensory
networks.

Our findings suggest that adolescent cannabis and alcohol use are associated with widespread
differences in resting-state time course power spectra, which may persist even after abstinence.
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1. Introduction

Adolescence is a period of significant growth and developmental change. Psychologically,
one of the most marked changes may be the rise in risk-taking behavior, which places the
adolescent at an increased risk for antisocial behaviors, such as substance use. In 2013,
34.9% of United States high-school students reported to have drunk alcohol in the last
month, while 23.4% reported the use of cannabis (Kann et al., 2014). In adolescent
detainees, these numbers are even higher, with 41-47% of youth reporting heavy alcohol use
and 36-48% reporting use of cannabis (Ewing et al., 2015). Paradoxically, as the adolescent
brain undergoes major changes in synaptic receptors density as well as in myelination
(Crews et al., 2007), it may be particularly vulnerable to the effects of substance exposure.
Elucidating the effects of substance use on the adolescent brain may provide important
information for prevention, the development of intervention programs, and policy-making.

Both cannabis and alcohol are believed to have widespread effects on the brain. The main
psychoactive component of cannabis, A9-tet-rahydrocannabinol (THC), binds to endogenous
cannabinoid receptor-1 (CB1). CB1 receptors are widely distributed throughout the brain,
but are especially concentrated in the cerebellum, prefrontal cortex, striatum, amygdala, and
hippocampus (Hirvonen et al., 2012), and play a role in neurotransmitter release and
concentrations across neural systems. Cannabinoid receptor density is also greater in
children and adolescents than in adults (Glass et al., 1997). By affecting glutamate and
gamma-aminobutyric acid (GABA) systems, THC may interfere with brain maturational
processes (Bossong and Niesink, 2010). Exposing the cellular and molecular targets for
alcohol’s actions has proven more challenging. However, like cannabis, alcohol is believed
to affect many neurotransmitter systems in the brain (Paul, 2006). Three important
neurotransmitter systems that undergo substantial changes during adolescence and are
affected by alcohol consumption are dopamine, glutamine, and GABA (Hiller-Sturmhofel
and Swartzwelder, 2004).

Cannabis and alcohol use during adolescence have been associated with both immediate and
long-term outcomes that include disruptions in task-relevant neural activity and small or no
effects on cognition (Gonzalez et al., 2012; Harvey et al., 2007; Jacobsen et al., 2007; Jager
et al., 2010; Lane et al., 2007; Tapert et al., 2007; Tait et al., 2011). Structural magnetic
resonance imaging (MRI) analyses suggest that adolescent cannabis use may be associated
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with decreased gray matter volume in widespread regions of the brain, such as the prefrontal
cortex, amygdala, and hippocampus (Churchwell et al., 2010; Cousijn et al., 2012; Filbey et
al., 2014; Yucel et al., 2006). Youth who drink alcohol show decreased brain volume or
cortical thickness in the frontal, temporal, and parietal cortex, and hippocampus (Nagel et
al., 2005; Luciana et al., 2013; Squeglia et al., 2014; Squeglia et al., 2015). Generally, earlier
initiation of use and more frequent use have been associated with poorer outcomes (Buchy et
al., 2015; Pope et al., 2003), and while some studies suggest that effects of alcohol and
cannabis use decrease after prolonged periods of abstincence (Fortier et al., 2014; Hanson et
al., 2010; Jacobus et al., 2012), other studies suggest long-lasting effects of adolescent
alcohol and cannabis use (Ashtari et al., 2011; van Eijk et al., 2013). However, study results
vary widely and await replication.

Functional connectivity, defined as the relation between the neuronal activation patterns of
anatomically separated brain regions (Aertsen et al., 1989), describes the organization, inter-
relationship and integrated performance of functionally coupled brain regions (Rogers et al.,
2008). Most commonly, studies on functional connectivity describe the temporal correlation
between two or more regions, or compare the spatial maps of resting-state networks. This
latter measure examines the correspondence of the network’s time course and the time
course of each voxel in a network (Balsters et al., 2013), thus providing a measure of a
region’s strength of connectivity within a given network. The literature on cannabis use
mostly describes increased functional connectivity in adult or adolescent cannabis users
compared to controls in (regions of) the default mode network (DMN), salience network,
and executive control network (ECN) (Cheng et al., 2014; Filbey et al., 2014; Harding et al.,
2012; Houck et al., 2013; Pujol et al., 2014). However, more recently, several studies have
reported negative associations between cannabis use and functional connectivity (Camchong
et al., 2016; Orr et al., 2013; Peters et al., 2015).

Alcohol use has also been shown to be associated with functional connectivity. Both weaker
and stronger functional connectivity have been reported in the DMN, salience network,
subcortical reward network and ECN (Mdller-Oehring et al., 2014; Weiland et al., 2014; Zhu
et al., 2017), as well as stronger functional connectivity in the left frontoparietal network
(Jansen et al., 2015) basal ganglia network and primary visual network (Weilandt et al.,
2014). Moreover, disturbances in frontoparietal connectivity have been observed even in
substance-naive youth with a family history of alcohol (Wetherill et al., 2012), which
suggest that weaker frontoparietal connectivity may be a neurobiological marker for alcohol
use disorders. Thus, both alcohol and cannabis use appear to be associated to functional
connectivity, however, studies are inconclusive whether associations are positive or negative.

Although described less frequently, functional connectivity can also be examined by
measuring time course power spectra. The MR signal is dominated by oscillations in the
0.0-0.1 Hz frequency band (Cordes et al., 2001). The magnitude of these oscillations may
differ per brain region and per person, and thus can be examined as a marker of individual
differences. The time course power spectra reflect the degree of fluctuation in amplitude of
the intrinsic activity within the network (Calhoun et al., 2011). The time courses of the
different networks can also be correlated, resulting in a measure called functional network
connectivity (FNC, Arbabshirani et al., 2013). The present study will examine associations
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between alcohol and cannabis use and network spatial map, network time course power
spectra and functional network connectivity.

Possibly due to relatively small sample sizes, studies examining substance use and

functional connectivity mostly describe associations between a few regions or networks only
rather than a comprehensive whole-brain analysis. Moreover, studies that do perform whole-
brain analyses generally only assess differences in network spatial maps. The present study
describes the results of a dose-response analysis of the association between duration of
regular (comorbid) cannabis and alcohol use and whole-brain resting-state functional
connectivity in a large sample of male juvenile delinquents, whom due to their imprisonment
were abstinent. The majority of the sample has been dependent on cannabis or alcohol, many
on both. We therefore expected that cannabis and alcohol use would be associated with
widespread differences in functional connectivity despite current abstinence. In the spatial
map domain, both cannabis and alcohol use are expected to affect the DMN, salience
network, and ECN. Moreover, we hypothesize alcohol to be associated with frontoparietal
network connectivity. However, as time course power spectra and between network
connectivity are less frequently studied, we have no specific hypotheses regarding these
domains.

2. Methods

2.1. Participants

The present sample was drawn from the NIMH-funded Southwest Advanced Neuroimaging
Cohort, Youth sample (SWANC-Y), collected between June 2007, and May 2011 in a
maximume-security facility in New Mexico and from ongoing (2011-15) research at a youth
detention facility in Wisconsin. This research was approved by the University of New
Mexico Human Research Review Committee. Both youth and parent/guardian provided
written informed assent/consent. Participants were compensated comparable to the pay for
general labor work in the facilities. Participants were excluded from participation if they had
a history of seizures, psychosis, traumatic brain injury, other major medical problems, or
failed to show fluency in English at or above a grade four reading level. Resting-state scans,
information on duration of substance use, and Psychopathy Checklist-Youth Version. (PCL-
YV) scores were available from n = 227 male adolescents. Nine youth were excluded for
excessive motion, and seventeen were determined to meet the above exclusion criteria after
scanning (MRI incidental findings of trauma or supplemental file review). The final sample
consisted of n = 201 participants. Associations between drug use and functional connectivity
were tested for complete cases only (n = 180 for duration analyses, and n = 167 for
supplemental analyses on substance dependence). Demographic information on the
participants is provided in Table 1.

2.2. Measures

2.2.1. Substance use—Trained researchers administered the Kiddie Schedule for
Affective Disorders and Schizophrenia (KSADS) (Kaufman et al., 1997). KSADS alcohol
and drug use data was supplemented with questionnaires that asked youth how many months
they used regularly (3 or more times/week). For 19 participants, only information on time of
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usage (at any frequency) was available. Of the 181 participants with available KSADS data,
131 (72%) once were cannabis dependent and 96 (53%) once were alcohol dependent.
Eighty-four participants (46%) once were cannabis as well as alcohol dependent. Mean
months of usage was mean (u) =42.83, standard deviation (o) = 31.37 for cannabis and
mean () = 23.06, standard deviation (o) = 28.19 for alcohol. Due to skew, the duration of
alcohol use was log transformed. Cannabis and alcohol duration were strongly correlated,
=0.48, p <0.001. Cannabis dependence and cannabis duration were moderately correlated, r
=0.41, p <0.001. Alcohol dependence and alcohol duration had a correlation of r=10.45, p
<0.001. All participants were in forced abstinence for at least 30 days, many for at least 6
months. Unfortunately, no information on length of abstinence is available.

2.2.2. Callous/Unemotional traits—We assessed callous/unemotional traits (i.e., youth
psychopathy) using the Hare PCL-YV (Forth et al., 2003). The PCL-YV includes a review
of institutional records and a semi-structured interview regarding individuals’ school, family,
work, and criminal histories, and their interpersonal and emotional skills. We examined a
two-factor model of psychopathic traits in addition to a Total PCL-YV score, with Factor 1
composed of interpersonal and affective traits, and Factor 2 composed of lifestyle and
antisocial traits.

2.2.3. 1Q—IQ was estimated from the Vocabulary and Matrix Reasoning sub-tests of the
Wechsler Adult Intelligence Scale-Third Edition for participants older than 16 years of age,
and from the Wechsler Intelligence Scale for Children—Fourth Edition for participants
younger than 16 years of age (Wechsler, 1997, 2003).

2.2.4. Imaging data—All participants were scanned at the maximum-security facilities
using The Mind Research Network’s 1.5 T Avanto SQ Mobile MRI scanner. The EPI
gradient-echo pulse sequence (TR/TE 2000/39 ms, flip angle 90°, FOV 24 x 24 cm, 64 x 64
matrix, 3.4 x 3.4 mm in-plane resolution, 5 mm slice thickness, 30 slices) effectively
covered the entire brain (150 mm) in 2.0 s. Head motion was minimized using padding and
restraint. During the 5-min rest scan the participant was asked to look at the fixation cross
hair and keep eyes open. Participants were monitored by video.

2.3. Data analysis

2.3.1. Preprocessing—EPI data were preprocessed using a custom SPM pipeline (http://
www.fil.ion.ucl.ac.uk/spm/software/spmb5). The first four volumes are discarded to remove
T1 equilibration effects. To correct residual head motion, “bad” images (confounded by
motion or radio-frequency spikes) were estimated and removed using ART-Repair (Mazaika
etal., 2007). These images were determined by calculating the mean intensity for a given
time series and identifying individual images whose intensity was greater than four standard
deviations from the mean. The offending image(s) were replaced in the time series by a
rolling mean image, and regressed in the statistical model. Images were motion-corrected
using INRIalign (Freire and Mangin, 2001; Freire et al., 2002). Data were spatially
normalized into the MNI space and re-sampled into 3 x 3 x 3 mm voxels, resulting in 53 x
63 x 46 voxels. Next, the data were spatially smoothed with a six mm full width at half-
maximum Gaussian kernel. The MRI coordinates were converted to the Talairach and
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Tournoux standard space to assist with anatomical labeling. However, all (x,y,z) coordinates
listed in the manuscript are in Montreal Neurological Institute (MNI), the default coordinate
system in SPM.

2.3.2. Independent component analysis—Following preprocessing, a group
independent component analysis (ICA) was performed (Calhoun et al., 2001; Calhoun and
Adali, 2012). EPI time series data for all participants were compressed using principal
component analysis (PCA). There were two PCA data reduction stages, which reduced the
impact of noise and made the estimation computationally tractable (Calhoun et al., 2009;
Erhardt et al., 2011; Schmithorst and Holland, 2004). The first data reduction stage was set
to 45 components. The final dimensionality/number of components was 30. The data
reduction was followed by a group spatial ICA, resulting in the 3nal estimation of our
independent components (1Cs) using the infomax algorithm (Bell and Sejnowski, 1995;
Calhoun et al., 2001). From the group spatial ICA, we reconstructed spatial maps and their
corresponding ICA time courses that represented the spatial and temporal characteristics of
each component and subject using group ICA (GICA) (Erhardt et al., 2011). These maps and
time courses were then inspected to determine which components reflected plausible non-
artifact networks. ICs that depicted peak cluster locations in gray matter with minimal
overlap with white matter, ventricles and edges of the brain and also exhibit higher low
frequency temporal activity were retained for further analysis. A total of 15 components was
retained after visual inspection.

2.3.3. Statistical analyses—Associations between drug use and functional connectivity
were tested for complete cases only (n = 180 for duration analyses and n = 167 for
supplemental analyses on substance dependence) using the Mancovan toolbox implemented
in GIFT (Allen et al., 2011). We examined three connectivity measures: component spatial
maps, component time course power spectra, and between component FNC (Jafri et al.,
2008). For each measure, a multivariate selection strategy was first performed in order to
identify potential significant associations between component measures and variables of
interest. For these analyses, separate response vectors (e.g., spectral power) are considered
as a whole. FNC timecourses were despiked and temporally bandpass filtered (0.01 Hz-0.15
Hz) followed by calculation of the among network connectivity matrices. The initial design
matrix included duration of cannabis and alcohol use as predictors, and psychopathy scores,
age, smoking, and 1Q as covariates. As many participants used both cannabis and alcohol,
analyses on cannabis use were corrected for alcohol use and vice versa. Head movement
estimates were included as nuisance regressors (Allen et al., 2011), defined as the average of
translation and rotation parameters. However, as model results were similar, we only report
the model excluding motion parameters. In a second analysis, cannabis and alcohol
dependency were examined. These analyses, as well as cannabis use analyses (both duration,
and dependency models) uncorrected for alcohol use and vice versa can be found in the
Supplemental Materials? (Figs. S4 t/m S9). Once we retained the covariates of interest in the
final model, we performed univariate tests to understand the nature and extent of the
relationships between these variables and a given component property (e.g., spectral power).

L« Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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An alpha level of 0.05 was used for all analyses. Results were corrected for multiple
comparisons using false discovery rate (FDR) (Genovese et al., 2002). FDR correction only
considered the networks which showed a significant effect and corrects for each column of
the response data matrix (i.e., voxels for spatial maps, spectral bins for power spectra).

We performed a 30 component GICA using resting-state functional MRI (rs fMRI) data
from 201 participants. Based on visual inspection of the spatial maps and power spectra, 15
components were identified as ventricular, vascular, susceptibility or motion-related artifacts
(Fig. S1). The 15 remaining components corresponded to known resting-state networks and
are shown in Fig. S2. Coordinates of their peak activation are provided in Table S1. Fig. S3
shows the FNC. The ICA parcellation resulted in similar networks as reports in typical
samples (Beckmann et al., 2005; Calhoun et al., 2008).

3.1. Duration of cannabis and alcohol use

3.1.1. Inter-network connectivity

3.1.1.1. Spatial maps. There were no significant associations between cannabis use and
network spatial maps, nor were there significant associations between alcohol use and
network spatial maps

3.1.1.2. Power spectra: In order to analyze the power spectra results, we first identified
components that showed an association to a particular covariate (for example, alcohol or
cannabis duration). Next, we explored whether the associations were related to any
particular frequency band (lower range, both lower and higher range, or higher range). Once
we identified the dominating frequencies showing drug-related associations, we then
analyzed those particular frequencies of the power spectra. Fig. 1 shows the association
between duration of cannabis use and component time-course power spectra. Duration of
cannabis use was associated with power spectra of the DMN (component 5, multivariate p =
0.008), the ECNs (component 19, 30, multivariate p= 0.002 and p = 0.001), sensorimotor
network (component 10, multivariate p = 0.001), auditory network (component 15,
multivariate p <0.001), a medial visual network (component 2, multivariate p= 0.02), and a
primary visual network (component 7, multivariate p = 0.04). For all networks, longer
duration of cannabis use was associated with decreased amplitude in the lower frequencies
(0.00-0.05) which typically dominate the fMRI signal (Cordes et al., 2001). For one of the
ECNSs (component 30), the auditory (component 15), and medial visual network (component
2), longer duration of cannabis use was associated with increased amplitude at higher
frequencies (0.05-0.20). Results of the cannabis dependence analysis were highly similar,
see Fig. S6.

Fig. 2 shows the association between duration of alcohol use and component time course
power spectra. Alcohol use was associated with power spectra of the right fronto-parietal
network (component 13, multivariate p <0.001), salience network (component 3,

multivariate p = 0.001), dorsal attention network (component 4, multivariate p = 0.004), a
sensorimotor network (component 1, multivariate p = 0.008), and a lateral visual network
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(component 21, multivariate p= 0.008). For all networks, longer duration of alcohol use was
associated with decreased amplitude in lower frequencies (0.00-0.05). Only for the lateral
visual network (component 21), a longer duration of alcohol use was associated with greater
amplitude in higher frequencies. As can be seen from the plot showing the effect sizes of
alcohol duration (Fig. 2b), the negative associations with spectral power are slightly more
significant in the salience and sensorimotor networks, however the associations are fairly
consistent over all networks suggesting that these trends are fairly global across networks.
Results of the alcohol dependence analysis were highly similar, see Fig. S7.

3.1.2. Intra-Network connectivity—The association between cannabis use and FNC is
shown in Fig. 3. Longer duration of cannabis use was associated with decreased network
connectivity between the ECN (component 30), and the auditory network (component 15), a
sensorimotor network (component 1), and the dorsal attention network (component 4).
Moreover, we found a negative association between duration of cannabis use and network
connectivity between the DMN (component 5), and the right fronto-parietal network
(component 13), and between the salience network (component 3) and the medial visual
network (component 2). Duration of cannabis use was negatively associated with
connectivity between the precuneus network (component 12) and the auditory network
(component 15), and a primary visual network (component 17). Finally, a longer duration of
cannabis use was associated with increased connectivity between the right fronto-parietal
network (component 13) and one of the sensorimotor network (component 1).

4. Discussion

The present study examined the association between duration of cannabis and alcohol use
and resting-state functional connectivity in a large sample of male juvenile delinquents. The
majority of participants have met criteria for cannabis and/or alcohol dependence. However,
due to their detention, all participants were in forced abstinence. Although hypothesized, no
associations with network spatial maps were found. However, cannabis and alcohol use had
widespread yet distinct associations with network time course spectral power that were
independent of psychopathic traits (including antisocial behavior). Generally, cannabis and
alcohol use was found to be associated with less low frequency power and more high
frequency power. Less low frequency power and more high frequency power has previously
been described in several psychological disorders, such as bipolar disorder, schizophrenia
and Alzheimer’s disease (Calhoun, 2011; Ongur et al., 2010; Xi et al., 2012). The origin of
rs-fMRI spectral power at different frequencies currently is not well understood. Moreover,
due to the lack of a particular task, different participants may be performing different mental
activities, making it difficult to characterize brain processes underlying neural activation.
Nevertheless, the similarities between the present study and studies on psychiatric patients
suggest that cannabis and alcohol use are associated with aberrant network functioning.

Corresponding to the literature on cannabis use and resting-state temporal correlation and
network spatial maps, cannabis use was associated with the DMN (Bossong et al., 2013;
Pujol et al., 2014; Wetherill et al., 2015), a network implicated in self-referential thought,
social perspective taking, future thought, and memory (Andrews-Hanna, 2012), and the
ECNSs (Houck et al., 2013). Interestingly, Pujol et al. (2014) showed that the association
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between activation of the DMN and memory was stronger in young adult cannabis users
compared to controls. The aberrant DMN connectivity in cannabis users may thus be
involved in disruptions in memory performance previously reported in association to
cannabis use. However, as we do not have data on neuropsychological functioning, this
interpretation remains speculative. The only other study examining the association between
cannabis dependence and resting-state power spectra analyzed the fractional amplitude of
the low-frequency fluctuations (FALFF, Zou et al., 2008) (Orr et al., 2013). Instead of
examining the total power spectrum, this method quantifies the amplitude of low frequency
oscillations only. Moreover, this method looks for voxel-wise associations, whereas the
present study examined the power spectra of previously calculated neural networks. Orr et
al. (2013) reported /ncreased fALFF in regions of the ECN in adolescent cannabis users. The
authors also report decreased intrahemispheric connectivity and suggest that the increase in
fALFF may be a compensatory mechanism for the altered intrahemispheric connectivity.
The only other studies examining associations of prolonged substance use and resting-state
power spectra examined effects of heroin and cocaine. Similar to our findings, these studies
did report decreased ALFF in substance users compared to controls in regions of the DMN
(Ide et al., 2014; Jiang et al., 2011; Wang et al., 2007).

In addition to associations in the DMN and ECNs, we found associations between cannabis
use and network time course power spectrum in several sensory networks (auditory, visual
and sensorimotor). Interestingly, prolonged cannabis use has been shown to directly affect
the retina (Zobor et al., 2015), and a positron emission tomography (PET) study on the acute
effects of smoking marijuana reported decreased regional cerebral blood flow in
sensorimotor, auditory, and visual regions (O’Leary et al., 2000). Moreover, a recent study
on the effects of cannabis on tinnitus in rodents shows that cannabis may increase tinnitus,
and suggests that CB1 receptors in the cochlear nucleus may be important for auditory
function (Zheng et al., 2015a, 2015b). Repeated administration of THC may result in
distorted activation in sensory systems even in the brain at rest.

Duration of alcohol use was associated with the right frontoparietal network (Jansen et al.,
2015; Jansen et al., 2015; Wetherhill et al., 2012), the salience network (Muller-Oehring et
al., 2014; Sullivan et al., 2013; Zhu et al., 2017), the ECN (Muller-Oehring et al., 2014; Zhu
etal., 2017), the dorsal attention network (Muller-Oehring et al., 2014), a sensorimotor
network, and a visual network (Weiland et al., 2014). These networks are involved in
attention (frontoparietal network, dorsal attention network), cognitive control (ECN,
frontoparietal network), and salience attribution (salience network). In recovering alcoholics,
aberrant connectivity within the salience network has been associated with poorer
visuospatial and verbal working memory, while connectivity of the attention network has
been related to decreased depressive symptoms (Muller-Oehring et al., 2014). The only
study examining the association between alcohol use and resting state power spectra,
suggests that acute alcohol intake is associated with a mixed pattern of increased and
decreased ALFF (Zheng et al., 2015a, 2015b), but with decreased ALFF in regions of the
ECN. However, effects of acute and chronic alcohol and substance use cannot be one on one
compared (Crean et al., 2011; Schulz et al., 1980).
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Both cannabis and alcohol use were associated with less low frequency power and more
high frequency power. Such a pattern of resting-state brain activity has previously been
described in several psychological disorders, such as bipolar disorder, schizophrenia and
Alzheimer’s disease (Calhoun, 2011; Ongur et al., 2010; Xi et al., 2012), and may point
towards more rapid connectivity, and a lower degree of interconnection between the regions
in the associated networks and other brain regions (Garrity et al., 2007). Although we
excluded participants suffering from psychosis, and we controlled for psychopathic traits,
still a similar pattern of resting-state activation was found between the present study and
studies of psychopathology. One way of interpreting these similarities in power spectra is
that the use of cannabis and alcohol may make the adolescent more vulnerable to psychiatric
disorders. Alternatively, the similarities may be explained by comorbid cognitive deficits, or
by psychiatric symptoms not controlled for in our analyses.

Other than associations in the power spectra domain, our results suggest that longer duration
of cannabis use is associated with decreased inter network connectivity. Strongest inter
network associations were found for the ECN, for which we also found evidence for
aberrant within network connectivity. The exact neural mechanisms underlying functional
(network) connectivity remain unclear. However, decreased inter network connectivity may
point towards less effective communication between networks with longer cannabis use.

Despite abstinence, cannabis and alcohol use were associated with activation of the brain at
rest. While some studies suggest that the effects of adolescent cannabis use decrease or
disappear after prolonged periods of abstinence (Hanson et al., 2010; Jacobus et al., 2012),
others suggest that cannabis use may have long-term effects on brain structure and function
despite abstinence (Ashtari et al., 2011). To our knowledge, no study has examined
associations of alcohol use and neural functioning in abstinent adolescents. However, animal
literature suggests that adolescence limited binge drinking causes changes in brain structure
that are observable still in adulthood (Coleman et al., 2014). Literature on adults suggests
that alcohol use may have long-lasting effects on brain structure and function (Fortier et al.,
2014; Fortier et al., 2014; Muller-Oehring et al., 2014), which may decrease over abstinence
(Pfefferbaum et al., 2014; Segobin et al., 2014; van Eijk et al., 2013). Moreover, over four-to
six-weeks of abstinence, Winward et al. (2014) reported some recovery in neurocognitive
functioning in adolescent heavy drinkers. However, for most functions under investigation
(e.g., prospective memory, cognitive switching and inhibition) heavy drinkers did not
perform to levels of nondrinkers. Our results suggest that both alcohol and cannabis use may
have prolonged effects on resting-state network frequency power despite forced abstinence.

As described above, previous studies on substance use and resting-state whole-brain
functional connectivity generally study and report associations in network spatial maps (e.g.,
Houck et al., 2014; Zhu et al., 2017). However, our data suggest that, at least after
abstinence, no such associations are present. The networks in which associations with power
spectra were found do correspond well to the networks previously described to be related to
cannabis and alcohol use. Our results, thus, could imply that associations of substance use
with time course power spectra may be more substantial and/or enduring than associations
previously found with network spatial maps. However, as no longitudinal data is available,
this suggestion cannot be tested in the current data. Nevertheless, time course power spectra
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may provide a fruitful domain of resting-state data that may be studied concurrently with
network spatial maps.

While this study has considerable strengths, such as the large sample size in a hard to reach
at risk population, and the correction for baseline trait antisociality, several limitations
should be noted. When comparing users to non-users, it is difficult to ascertain whether
reported differences reflect pre-existing brain differences that have led individuals to
substance use, or whether differences are the effect of substance use. Examining associations
with duration of use rather than use versus non-use may provide some evidence for a causal
link. However, we cannot fully discard the possibility of reversed causality. As is often the
case, information on duration of drug use was based on self-report. Self-report relies on the
truthfulness and memory accuracy of the respondent, which raises validity and reliability
issues. All youth were in forced abstinence, but it is possible that some may still have
procured drugs while incarcerated. However, the facilities performed regular drug tests in
order to assure juveniles remained abstinent. Although this does not guarantee abstinence,
the prospect of a drug test may have deterred youth from using alcohol or cannabis.
Unfortunately, no data on length of abstinence was available. Several studies report that drug
effects wear off after abstinence, thus, our results may change over time if youth are/are not
abstinent. Moreover, only limited information on substance use was available. For example,
age of substance use initiation has been shown to moderate the effect of substance use on
brain structure/functioning (e.g., Weissman et al., 2015), and also daily or weekly frequency
of use would provide information relevant to our analyses. However, this type of information
unfortunately was not available. Moreover, many adolescents in the present sample used
both cannabis and alcohol. Although analyses on duration of cannabis use were corrected for
duration of alcohol use, we cannot rule out that some of our findings may be confounded by
comorbid drug use. The present sample contains only boys. Due to the many differences
between boys and girls in both substance use and brain structure and functioning (Kuhn,
2015; Mutlu et al., 2013; Wang et al., 2008), we believe it is a good strategy to examine boys
and girls separately. However, it is currently unclear if and how our results correspond to
girls. Our general impression was that participants were interested and motivated during the
1Q assessment. However, some were more difficult. Unfortunately, we did not score their
motivation, so we could not control our 1Q scores for effects of disinterest. Finally, analyses
were performed on a high-risk sample. By correcting for the effects of psychopathic traits,
we aimed to control for confounding by antisocial behavior problems. However, as we did
not include a healthy control group, we cannot ascertain our results can be extrapolated to
low-risk youth in the general population.

5. Conclusion

Although no associations between cannabis and alcohol use and network spatial maps have
been found, we have identified specific patterns of decreased coherent network activity
(spectral power analysis) and FNC in relation to duration of cannabis and alcohol use. These
findings may point towards less effective communication between brain regions/networks.
As the analysis of spectral power is relatively uncommon in substance use research, our
findings provide important information for hypothesis generation of future work using
power spectra analyses of adolescent substance use related changes in abstinence. All in all,
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adolescent cannabis and alcohol use are associated with widespread differences in resting-
state time course power spectra, which may persist after abstinence.
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Effect Size of Cannabis Duration
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Univariate test results showing the association between cannabis duration and power spectra.
Univariate tests were performed only on covariates of interest retained in the reduced
MANCOVA model. Left panel (A) depicts the significance and direction of cannabis
duration as a function of frequency for each component, displayed as - sign(t)log;q(p). Red
arrows on the color bar designate the FDR-corrected threshold (a = 0.05). Right panel (B)
shows bar plots of the average B-values for cannabis duration term. B -Values were averaged
over frequency bands with associations of the same directionality where test statistics
exceeded the FDR threshold. The color of the bar is proportional to the fraction of the
contributing frequency bins; the absence of a bar indicates that either univariate tests were
not performed or test

Drug Alcohol Depend. Author manuscript; available in PMC 2018 September 01.

Fraction of Spectra



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thijssen et al.

(A)

Default Mode
Executive Control-1
Executive Control-2

Salience
Right Fronto-parietal
Left Fronto-parietal
Dorsal Attention
Sensorimotor-1
Sensorimotor-2
Auditory
Medial Visual
Primary Visual-1
Precuneus

Primary Visual
Lateral Visual

Fig. 2.
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Univariate tests were performed only on covariates of interest retained in the reduced
MANCOVA model. Left panel (A) depicts the significance and direction of alcohol duration
as a function of frequency for each component, displayed as - sign(®)/og;o(p). Red arrows on

the color bar designate the FDR-corrected threshold (a = 0.05). Right panel (B) shows bar

plots of the average B-values for alcohol duration term. 8-Values were averaged over

frequency bands with associations of the same directionality where test statistics exceeded

the FDR threshold. The color of the bar is proportional to the fraction of contributing the
frequency bins; the absence of a bar indicates that either univariate tests were not performed

or test statistics were not significant. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Univariate Results (FNC Correlation)

Fig. 3.
Univariate test results showing the association between cannabis use and functional network

connectivity (FNC). Figure depicts the significance and direction of the cannabis duration
term for each pairwise correlation, displaying as the - sign(t)log;o(p). The FDR-corrected
threshold (a = 0.05) on the colorbar is represented by the values 2.545 and -2.545.
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