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Introduction

Adolescence is a highly unique neurodevelopmental period, characterized by increases in
risk-taking behaviors (1). Importantly, during this time the regions of the brain most able to
weigh consequences and judge the costs and benefits of one's actions are still very much in
development (2). Cannabis abuse during adolescence has been associated with both
immediate and longer term negative outcomes, including poorer academic performance,
increased risk of school dropout (3), and broad-based declines in working memory,
attention, and executive function during adulthood (4,5).

These effects are due in large part to the effects of cannabis use on endogenous cannabinoid
receptors in the brain. Because the discovery of these cannabinoid receptors was quite recent
(6,7), the mechanisms and consequences of cannabis use are not well understood. However,
cannabis use in adolescence clearly precedes alterations in cognitive and emotional function
in adulthood (8). Cannabinoid receptor density in both gray and white matter is greater in
children and adolescents, declining into adulthood (9-12). Reductions in gray matter volume
(13) and axonal connectivity (14) in heavy cannabis users suggest that adolescence, the
modal developmental stage for cannabis initiation, is also a period during which the brain is
more sensitive to cannabis exposure.

Further complexity is added by the finding that cannabis users differ from non-users even
before they have ever used cannabis (15). Differences attributed to cannabis may be due to
premorbid neuropsychological differences (16), or to other risk factors (17). Despite this
uncertainty, understanding how cannabis use and dependence affect the developing brain is
vital to developing effective interventions. As more states in the U.S. move to decriminalize
or legalize medical or recreational cannabis use it becomes critical to understand the
potential impact of cannabis use in order to guide policy as well as treatment.
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Interventions to reduce cannabis use for adolescents have generally produced mixed results
(e.g., (18-20)). This variability in treatment outcomes may be due, in part, to our limited
understanding of how psychotherapy works (21), especially for adolescents (22,23).
Evaluations of basic biological factors hold great promise for deconstructing adolescents'
patterns of intervention response (24-26). The measurement of these factors, such as resting
brain activity, may ultimately yield better-targeted interventions.

Analysis of the brain at rest has a relatively long history in neuroimaging research,
beginning in the early 20t century with electroencephalographic recordings (e.g., (27)), and
subsequently with magnetoencephalography (28) and functional magnetic resonance
imaging (fMRI) (29). Resting scans provide information about what the brain is doing when
it is not doing anything in particular. By measuring task-independent activity, resting scans
provide a glimpse of the baseline state of brain activity. This is particularly useful in the
context of functional connectivity; that is, the correlation between functional units of the
brain (30).

One common technique for assessing functional connectivity in resting fMRI is independent
component analysis (ICA), a method of separating signal mixtures such as those produced
by fMRI into statistically unrelated (i.e., independent) components (31,32). In fMRI, ICA is
used to detect temporally coherent, spatially independent components. Each spatial
component is a weighted network — that is, it defines a spatial pattern of regions that tended
to co-activate (or de-activate) during the resting scan, independent of other spatial patterns.
These components are also known as intrinsic connectivity networks (ICN). Estimation also
produces a corresponding set of loading parameters for each participant that indicate the
degree to which the participant contributes to each component. These participant-specific
loading parameters may be compared between groups, or correlated with other measures.
ICNs include not only the default mode network (33,34) but also networks for attention
(35,36) as well as salience and executive control (37). ICNs have also been linked to task
performance (38,39). ICNs can also be measured reliably in young samples (40), an
important finding given the greater variability seen in the BOLD response seen in these age
groups (41).

ICNs directly address critiques that fMRI is only an incremental improvement to phrenology
(42) (43). More than merely showing how the brain “lights up”, measures of functional
connectivity like ICA demonstrate how brain regions interact, and how this interaction may
vary between populations. ICNs may then be characterized further using complementary
imaging modalities, or modulated using targeted behavioral, psychopharmacological, or
other interventions. Disease states including depression (44), psychosis (45), schizophrenia
(46), autism (47), and substance use (48) (49) (50) have been characterized using these
techniques (for a review, see (51)).

Structural analyses in adult cannabis-abusing populations have revealed lower gray matter
volume and density for users than controls, particularly around bilateral hippocampus
(13,52). In addition to these structural differences, several functional neuroimaging studies
have observed effects of cannabis use on the resting brain. Using electroencephalography
(EEG), Bocker and colleagues found that after cannabis administration, adult male cannabis
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users showed a dose-related decrease in power in the theta band (53), a marker of working
memory. While localization of the decrease was not possible due to low electrode density,
theta oscillations have been associated with activity in mesial temporal lobe during working
memory performance (54).

Several studies using positron emission tomography (PET) have observed effects of adult
cannabis use on the brain at rest. One found that severity of cannabis use is correlated with
reduced metabolism in bilateral dorsolateral prefrontal cortex (48), while another observed
that even after a period of abstinence cannabis users show increased metabolism in temporal
regions (49). Another group observed that cannabis-using adults showed greater blood
volume in right frontal, left temporal, and cerebellum while at rest than did controls (55).

Similar relationships have been observed using fMRI. Effects of substance dependence on
an executive control network have been detected, with substance dependent adults showing
greater activity than did controls (56). While that sample included cannabis dependent
adults, the participants were also dependent upon a number of other substances including
stimulants and club drugs, limiting the specificity of the finding. Assessments of these
effects in adolescent samples have been sparse; one recent review found no studies of
resting brain activity in adolescent cannabis users (57). To our knowledge only one very
recent study had applied fMRI to directly assess resting brain activity in adolescent cannabis
users. Behan and colleagues found greater connectivity in adolescent cannabis users than
controls between blood oxygen level dependent (BOLD) time series in specific regions of
interest (ROIs) including bilateral parietal lobe and cerebellum (58). They also observed a
correlation between this connectivity and higher self-reported recent cannabis use, although
this correlation was not corrected for multiple comparisons.

Relationships between resting brain activity and cannabis use have not been well-studied
with youth. This is particularly important given the dearth of literature on functional
networks in this age range, and the potential importance of identifying factors that may
improve treatment response. Thus, the goal of the present study was to analyze the
associations between cannabis use (as measured by the Marijuana Use Scale (59)) and
resting brain activity in a sample of high-risk adolescents, with the hypothesis that resting
brain activity would be correlated with cannabis use.

All procedures were approved by the local institutional review board and were protected by
a federal Certificate of Confidentiality. Eighty-two non-treatment-seeking high-risk youth
(M age 16.15 years (SD 1.07), 33.3% female) were recruited from juvenile justice programs
in the Southwest as part of an ongoing study (NINR RO1 NRxxxxx). This parent study
involves a behavioral intervention to reduce risky sexual behavior that does not include
treatment for drug or alcohol use. To recruit potential participants, trained research staff
introduced the project at juvenile justice programs (e.g., diversion programs), informing
youth that study participation was voluntary and would not affect their experience within the
juvenile justice system. All youth provided informed assent (written) and parent/guardian
consent (audiorecorded). To participate, youth needed to be age 14-18, fluent in English, and
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participating in a juvenile justice day program. This day program does not include treatment
for drug or alcohol use; instead, it provides an alternative to secure detention, incorporating
structured programs that promote, encourage and reinforce proactive and acceptable social
behaviors. Exclusion criteria included antipsychotics/anticonvulsants, MRI contra-
indications, and TBI with loss of consciousness = 6 min. Eligible participants could earn
$150. Descriptive statistics are given in Table 1. Youth are contacted for behavioral follow-
up at three, six, and twelve months. As data collection is ongoing, only baseline data is
assessed in the present analysis.

At baseline, all youth completed a brief neurocognitive battery including the Wechsler
Intelligence Scale for Children (for youth up to 16 years of age), the Wechsler Adult
Intelligence Scale (for youth over 16 years of age), as well as assessments of current
cannabis use and dependence (see Table 1). All youth were also evaluated for basic literacy,
as assessed by demonstrated comprehension of the written assent form. Quantity and
frequency of cannabis use and alcohol use during the prior 30 days were assessed using a
structured timeline follow-back interview (TLFB; 60). This assessment also queried
weekday (i.e., Monday-Friday) cannabis use, which may indicate greater risk of
dependence. Cannabis use during the prior 3 months was assessed using the Marijuana Use
Scale, a 6-item measure derived from a previous substance use study (61). The scale has a
possible range of 1-37. The range in the present sample was 2-36, with acceptable internal
consistency (alpha = 0.706). Cannabis dependence was assessed using the Marijuana
Dependence Scale (59), a 10-item measure with a possible range of 1-10. The range in the
present study was 1-10 with acceptable internal consistency (alpha = .742). Scores of 4 and
higher suggest dependence (59), a criterion that applied to 18 participants (26.1%) in the
present study. Alcohol use during the prior 3 months was measured using the Alcohol Use
Scale, a 7-item measure derived from a previous substance use study (61), with a possible
range of 1-42. The range in the present study was 4-38, with adequate internal consistency
(alpha = .715). Alcohol dependence was measured using the reliable and valid 10-item
Alcohol Use Disorders Identification Test (AUDIT) scale (62), which has a possible range
of 0-40. The range in the present study was 0-27, with good internal consistency (alpha =.
867). Scores of 4 and higher on the AUDIT suggest alcohol dependence (63), a criterion that
applied to 4 participants (5.8%) in the present study. Impulsivity was measured using the
Impulsive Sensation Seeking (ImpSS) scale (64), a 19-item measure with strong evidence of
reliability and validity (65). The possible range of the ImpSS total scale is 0-19; the range in
the present study was 2-19, with questionable internal consistency (alpha = .678). Emotion
regulation was evaluated using the 36-item Difficulties in Emotion Regulation Scale (66), a
reliable and valid measure of emotion regulation that has a possible range of 37-185 on its
total scale. The range in the present study was 43-147, with excellent internal consistency
(alpha =.907). Also performed at baseline was a 5-minute resting MRI scan (Siemens 3T
Trio, TR =2000 ms, TE = 29 ms, FOV 240 mm, voxel size 3.5 x 3.5 x 3.5 mm, 64 x 64
acquisition matrix, 33 slices ascending, 165 images). For 95.7% of participants, this fMRI
scan session on the day of the baseline assessment. For the remaining four participants, the
mean time between the baseline assessment and the scan was 10 days (SD 18.8).

Because motion is diagnostic of attention deficit hyperactive disorder (67), which has a high
prevalence (~20%) among justice-involved youth (68,69), we have also included
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descriptive statistics on the mean framewise displacement (i.e., the head motion per fMRI
image in the X, y, and z directions, as well as pitch, yaw, and roll) (70) in mm during the
resting scans. Due to this potential confound, head motion was not included as a regressor of
no interest during preprocessing; instead, participants with head motion greater than two
standard deviations above the mean were excluded from the group analysis. Thirteen
participants were excluded on this criterion. Results and demographics are reported only for
the 69 retained participants. The excluded participants did not significantly differ from
included participants on measures of age or substance use (all p's > .15).

Image preprocessing was performed using AFNI (71), including slice timing correction, de-
spiking, normalization to Talairach space, and smoothing with a 6 mm full-width half-
maximum Gaussian kernel. The initial image of each run was dropped to allow
magnetization to reach steady state. Preprocessed data was entered into a group spatial
independent component analysis (72) using the GIFT toolbox (http://mialab.mrn.org/
software/gift/index.html). The Infomax ICA algorithm was repeated 20 times in ICASSO
(73). In order to avoid false positive components (74) a moderate model order of 30
components was selected. Aggregate spatial maps were estimated as the modes of the
component clusters. Subject-specific spatial maps and time courses were estimated using the
GICAL1 back-reconstruction method based on PCA compression and projection (72,75).
Components were evaluated based on anatomical constraints including that ICNs should
exhibit peak activations in grey matter, low spatial overlap with known artifacts, and should
have timecourses dominated by low-frequency fluctuations (76). Relationships between
component timecourses were assessed using the MANCOVAN utility in the GIFT toolbox.
From the surviving components, the component that followed the hypothesized spatial
pattern was retained for further analysis. The relationship between ICN activity and cannabis
use was assessed by forming groups of high use (youth with scores of 21-47 on the
Marijuana Use Scale) and low use (youth with scores of 1-20 on the Marijuana Use Scale),
and then assessing brain network activity using an independent-samples t-test in AFNI with
alcohol use (as measured by the Alcohol Use Scale) entered as a covariate, and the results
converted to z-scores.

Of the 30 components extracted, 11 were discarded due to low dynamic range, low ratio of
low frequency to high frequency power (LH:HF), or anatomical constraints. Figure 1
displays the spread of dynamic range and LF:HF for all 30 components. As in previous work
(77), approximately 1/3 of the extracted components did not meet quality criteria.
Components were then sorted in GIFT based on their spatial correlation with a resting state
template. Of the three components most highly related to the resting state template, one
matched the executive control network template (77) included in GIFT and was selected for
further analysis based upon its spatial pattern.

Spatially, this component was primarily characterized by bilateral activation in mesial
temporal lobe including hippocampus, middle frontal gyrus, and superior occipital gyrus
(see Figure 3), and is referred to subsequently as the fronto-temporal network. Figure 2
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indicates the correlations between all component timecourses. The timecourse for the front-
temporal network was only moderately correlated with the timecourses of other components.

An independent samples t-test of high and low cannabis users with alcohol use entered as a
covariate revealed two elements correlated with cannabis use within this network (see
Figure 4): one positively correlated source in middle frontal gyrus (z= 3.51, Talariach =
=23, 15, 52), and one negatively correlated source in middle temporal gyrus (z=-3.34,
Talairach = —44, 62, 26). The alcohol use covariate did not explain any significant variance
in ICN activity. All p values were corrected for multiple comparisons using an uncorrected p
of .005 and a cluster size threshold of 1200 mm3 (78). Only the correlation in middle frontal
gyrus survived this correction. Note that the ICN described represents a weighted network
that tended to co-activate during rest. While ICNs extracted from scans conducted during a
behavioral task might be expected to show widespread voxelwise correlations with related
behaviors (e.g., correlations between response-inhibition networks measured during a Go/
NoGo task and baseline alcohol use), it would be unexpected for a substantial fraction of a
resting ICN to show widespread voxelwise correlations with behavioral measures (39).

Discussion

In an effort to identify brain networks that might be important to intervention response, the
present study used independent component analysis (ICA) to reveal distinct cortical
networks in resting brain activity among high-risk adolescents. Consistent with
measurements in adults (48,49), greater cannabis use was correlated with activity in a
fronto-temporal network: positively in middle frontal gyrus and negatively in middle
temporal gyrus. Only the correlation with network activity in middle frontal gyrus survived
correction for multiple comparisons. To our knowledge the present study is among the first
to apply independent component analysis to the assessment of brain networks in adolescent
cannabis users. One study with adolescents observed relationships between higher cannabis
use and increased functional connectivity in parietal lobes and cerebellum (58), but not in
frontal or temporal regions. Another found that higher cannabis use was correlated with
reduced cerebral blood flow in frontal regions, but also that increased time since last
cannabis use was associated with lower blood flow in medial frontal lobe (80). Both studies
were limited by small samples (n < 25) of cannabis users.

Previous adult studies of the brain at rest have observed activity more similar to the present
findings. Sneider and colleagues found that after 4 weeks of supervised abstinence,
cannabis-using adults showed increased blood volume in temporal, but not frontal regions
(49). Following administration of 89 tetrahydrocannabinol to current cannabis users,
Klumpers and colleagues (79) found significant increases in resting state functional
connectivity in regions including dorsal medial prefrontal cortex and precentral gyrus, and
decreases in regions including the dorsal visual stream network.

Similar patterns of activity have also been observed in analysis of task-related data in
adolescents. Tapert and colleagues (81) found significantly more activity in cannabis users
than nonusers in dorsolateral prefrontal and medial frontal regions during response
inhibition. Stanger and colleagues found that high delay discounting teens showed lower
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network engagement than did low delay discounting teens in two networks: an executive
control network including dorsolateral prefrontal cortex as well as reward valuation network
including hippocampus and insula (82). Using a virtual navigation task (a test of spatial
working memory, see (83)), Sneider found that although chronic cannabis using teens and
non-using teens performed similarly during training, during probe trials current cannabis
users showed less activity in mesial temporal and cingulate regions than did nonusing teens
(84). Norman and colleagues (85) observed that less activity in dorsolateral prefrontal
cortex, middle frontal gyrus, and middle temporal gyrus during a response inhibition task
predicted the age of onset for subsequent substance use in adolescents.

Ultimately, these studies highlight the relevance of investigating the adolescent cannabis
user's brain at rest, and further the role of middle frontal and mesial temporal (including
hippocampal) areas for adolescent cannabis users. This is highly important because these
regions, including the medial frontal gyrus and the insula, have been particularly responsive
to the purported active ingredients in interventions such as motivational interviewing in
cannabis-using adolescents (10). In terms of potential treatment implications, this study
continues to build upon the prior body of work to indicate the relevance of fronto-temporal
systems. More specifically, the results from this study suggest treatment approaches that are
attentive to processes relevant to the frontal networks (such as executive functions) and
temporal networks (such as reward valuation and working memory) may have a greater a
greater impact for high-risk youth. Interventions that may be particularly responsive to these
processes include (but are not limited to) motivational interviewing, contingency
management, and behavioral skills training. Ultimately, these findings reflect the importance
of continuing to assess and evaluate developmentally salient factors, in order to create more
efficacious intervention programming for these high-risk, high-need youth.

Limitations

We recommend that the observed findings be interpreted in light of the following
limitations. While the sample in the present study is representative of justice-involved
adolescents, it may not be representative of the broader adolescent population, who typically
use cannabis at somewhat lower rates. The sample was also predominantly male, with a
relatively small sample size (n=69) that precluded adequately-powered assessment of gender
effects. Because the study reports assessments of adolescents from only one time, at
baseline, it is not possible to make strong claims about relationships between the observed
brain activity and cannabis use. Future studies should consider incorporating a follow-up
resting scan some time after treatment. Future studies would also benefit from the inclusion
of a comparison group, such as a sample of alcohol users (86,87); this would help determine
whether the observed patterns may be attributable to a particular substance or are generally
related to substance use. In addition, although the parent study includes both a behavioral
intervention at baseline and behavioral follow-ups at 3, 6, and 12 months, at present it is too
early in the study to link baseline brain responses to patterns of subsequent substance use.
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Conclusion

This study joins with the extant research to suggest a consistent pattern of coherent frontal
and temporal activity related to adult and adolescent cannabis use, both at rest and during
task performance. Fronto-temporal regions have been broadly linked to working memory
and attention (88-90), functions that are essential to academic and vocational performance,
and also shown to be suppressed among adults who are heavy users of cannabis (91,92). In
addition, psychosocial interventions for a range of problem health behaviors have been
shown to modulate activity in mesial temporal lobe (24,93,94), which may suggest a role for
this region in treatment response. Given the effects of cannabis use in early adolescence on
cognitive function (4,5), it remains possible that the relationship between cannabis
dependence and activity in the fronto-temporal network observed in the present study
reflects the near-term sequelae of cannabis use. Alternatively, this relationship may indicate
an underlying neuropsychological effect or a risk factor for cannabis use. Taken together,
these preliminary results suggest that prevention and intervention strategies that address
fronto-temporal functioning may be particularly helpful in this population.
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Table 1
Sample demographics

Measure Mean/N  SD/%
Age 16.1 1.07
Gender

Male 46 66.7%

Female 23 33.3%
Ethnicity*

White 14 20.3%

African American 6 8.7%

Hispanic 50 72.5%

American Indian/Alaska Native 8 11.6%

Asian or Pacific Islander 1 1.4%

Other 5 7.2%
Age at cannabis onset 11.8 24
Marijuana Dependence Scale 2.3 2.3
Marijuana Use Scale 25.3 8.6
Weekday cannabis use

Yes 37 53.6%

No 32 46.4%
Cannabis use days (of 30) 8.3 11.0
Age at alcohol onset 12.2 23
AUDIT 6.5 7.0
Alcohol Use Scale 22.6 8.3
Weekday alcohol use

Yes 26 37.7%

No 43 62.3%
Alcohol use days (of 30) 2.0 3.2
Framewise displacement (mm) 0.32 0.42
ImpSS

Impulsivity 4.2 2.1

Sensation-seeking 6.9 25

Total 11.0 4.0
DERS

Nonacceptance of emotional responses 11.2 53

Difficulties engaging in goal-directed behavior ~ 13.0 49

Impulse control difficulties 14.2 55

Lack of emotional awareness 18.1 6.0

Limited access to emotion regulation strategies  16.7 6.8

Lack of emotional clarity 11.2 3.8

Total 84.3 21.9
WISC

AmJ Drug Alcohol Abuse. Author manuscript; available in PMC 2014 June 25.

Page 18



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Houck et al. Page 19

Measure Mean/N  SD/%
Digit span scaled score 7.6 31
Letter numbering scaled score 7.7 2.7

WAIS
Digit span scaled score 8.8 19
Letter numbering scaled score 8.8 34

*
This item may not total to 100% due to selection of multiple responses.

Note. ImpSS = Impulsivity and Sensation Seeking. DERS = Difficulties in Emotion Regulation Scale. WAIS = Wechsler Adult Intelligence Scale.
WISC = Wechsler Intelligence Scale for Children. Framewise displacement = mean head motion in mm.
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