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Background: Early adolescent onset of substance use is arobust predictor of future substance use disorders.
We examined the relation between age of substance use initiation and resting state functional connec-
tivity (RSFC) of the core reward processing (nucleus accumbens; NAcc) to cognitive control (prefrontal
cortex; PFC) brain networks.
Method: Adolescents in a longitudinal study of Mexican-origin youth reported their substance use annu-
Keywords: ally from ages 1Q to 16 years. At age 16, 69 adqlescents participated in a resting s_tate fupctional_ magnet_ic
AdOIESCEI;CG resonance imaging scan. Seed-based correlational analyses were conducted using regions of interest in
fMRI bilateral NAcc.
Results: The earlier that adolescents initiated substance use, the stronger the connectivity between bilat-
eral NAcc and right dorsolateral PFC, right dorsomedial PFC, right pre-supplementary motor area, right
inferior parietal lobule, and left medial temporal gyrus.
Discussion: The regions that demonstrated significant positive linear relationships between the number
of adolescent years using substances and connectivity with NAcc are nodes in the right frontoparietal
network, which is central to cognitive control. The coupling of reward and cognitive control networks
may be a mechanism through which earlier onset of substance use is related to brain function over time,
a trajectory that may be implicated in subsequent substance use disorders.

© 2015 The Authors. Published by Elsevier Ltd. 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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Cognitive regulation
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1. Introduction

Adolescence is a period of increased health-risk behavior,
including substance use. Adolescent substance use is common and
increases in prevalence as adolescents move through high school.
National estimates indicate that 20-30% of adolescents have used
alcohol or other drugs by 9th grade, and this usage increases
to 50-70% by 12th grade (Johnson et al., 2014). Although some
substance use in adolescence is considered within the range of nor-
mative behavior, adolescents who experiment with substance use
at subclinical levels have been shown to exhibit more externalizing
behaviors (Ernst et al., 2006a) and have poorer mental health and
academic outcomes than their abstaining peers (Tucker et al., 2006).
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Substance use early in adolescence confers heightened risk for not
only substance use disorders but also other mental illnesses in later
adolescence and adulthood (Brook et al., 2002). Every year older
that adolescents get before they initiate substance use, is thought
to decrease the odds of substance dependence later in life by 5-15%
(DuRant et al., 1999; Grant and Dawson, 1997, 1998). Early sub-
stance use additionally predicts other types of health risk behaviors
during adolescence, such as reckless driving and participation in
violent or criminal activities (Grant et al., 2001; Hingson and Zha,
2009), rendering it a critical health behavior, whose underlying
mechanisms warrant further investigation.

Identification of the neurobiological components associated
with substance use behaviors allows for a richer understanding of
the neural underpinnings of developing substance use problems
that can be used to inform treatment targets, whether behav-
ioral and/or pharmacological. Resting state functional connectivity
(RSFC) analysis is used to quantify the intrinsic connections
between brain regions, independent of task-specific demands,
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context, and participant engagement (Biswal et al., 1995). The
connections between brain regions measured by RSFC may be
a function of direct communication via structural connections,
association with a third region, and/or long-term patterns of
coordinated activity engaged during certain behaviors or psy-
chological processes. Functional connectivity can be positive or
negative, reflecting the direction of correlation in regional activ-
ity patterns (Hulvershorn et al., 2014). The type of connectivity
patterns observed indicates the nature of the functional relation-
ship between these regions. Activity of functionally related and
structurally connected networks of brain regions are strongly and
positively correlated at rest (Damoiseaux et al., 2006; Yeo et al.,
2011), whereas networks with opposing functions demonstrate
strong negative correlations (Fox et al., 2005). From childhood to
adulthood, negative connectivity increases overall as neural regions
become more specialized and as the regulatory influence of regions
such as the prefrontal cortex (PFC) gains more control (Fox et al.,
2005; Stevens et al., 2009). The present study investigates how vari-
ations in connectivity patterns in the midst of these developmental
shifts relate to adolescent substance use behavior.

Recent work has documented age-related shifts in nucleus
accumbens (NAcc) connectivity, suggesting that positive connec-
tivity with anterior cingulate cortex (ACC) and anterior insula peaks
during adolescence, then declines into adulthood (Porter et al.,
2015). These patterns relate to conceptual frameworks regarding
the role of neurodevelopment in shaping adolescents’ motivated
behavior. The triadic model (Ernst et al., 2006b; Ernst and Fudge,
2009) hypothesizes that motivated behavior results from the bal-
ance between three influences: (1) reward drive, mediated by the
NAcc, a region within the striatum, (2) harm avoidance, mediated
by the amygdala, and (3) regulation of these systems by the PFC.
Research also points to the contribution of salience, emotional
or cognitive, mediated by the insula and ACC, in shaping moti-
vated behavior (Seeley et al., 2007). Different patterns of functional
connectivity between and functional specialization among regions
implicated in reward drive (e.g., NAcc), avoidance (e.g. amygdala),
salience (e.g.insula and ACC), and the cognitive control of the above
(e.g., PFC) may therefore differentially help or hinder adolescents’
ability to regulate their substance use behaviors.

Individual differences in NAcc functional connectivity have pre-
viously been associated with risk for substance use problems. In
a RSFC study examining family history as a risk factor for later
substance abuse, adolescents with no family history of alcoholism
were found to have significant negative correlations between NAcc
and ventrolateral PFC (VIPFC), suggesting more segregation and
functional calibration between these reward-processing and reg-
ulatory regions, respectively, whereas adolescents with a family
history of alcoholism demonstrated this relationship to a much
lesser extent (Cservenka et al., 2014). Because a family history of
substance dependence is a known risk factor for substance use
problems (Merikangas et al., 1998), these findings suggest that a
lack of negative connectivity (i.e., a positive or zero correlation)
between NAcc and regions of PFC during adolescence may signal
risk for later addiction.

Adolescent substance use occurs during a period in which the
brain undergoes dramatic maturation and refinement of key neu-
ral pathways, particularly in the structural connections between
the PFC and subcortical circuits (Asato et al., 2010). These changes
are widely thought to contribute to the onset of substance use
behavior in adolescence (Spear, 2000; Steinberg, 2007; Casey and
Jones, 2010), and may make the development of the adolescent
brain all the more vulnerable to the negative effects of substance
use (Lubman et al., 2007). A number of neuroimaging studies
have documented differences in activation in both striatal, includ-
ing NAcc, and PFC regions both preceding and following onset
of heavy substance use (Clark et al., 2013; Norman et al., 2011;

Tapert et al.,, 2007; Schweinsburg et al., 2005; Squeglia et al.,
2009).

Behavioral tendencies previously found to confer risk for sub-
stance use behavior, such as high levels of sensation seeking (SS)
(Zuckerman and Link, 1968) may shed further light on how neural
connectivity patterns relate to substance use behavior. Increased SS
has been shown to mediate the relation between earlier pubertal
development and increased substance use behavior across adoles-
cence (Martin et al., 2002). In adolescents with a family history
of alcoholism, task-related functional connectivity between NAcc
and both supplementary sensorimotor area and precuneus was
found to mediate the positive relationship between sensation seek-
ing and alcohol consumption (Weiland et al., 2013). This suggests
that increasing substance use rates in adolescence may result from
increased exploratory tendencies, driven by an increase in the opti-
mal level of arousal that adolescents require to feel motivated and
balanced (Ernst et al., 2006b; Ernst and Fudge, 2009).

While the NAcc is of particular interest in understanding the
mechanisms underlying adolescent substance use, other regions,
particularly the amygdala and PFC have also been demonstrated
to undergo changes in functional connectivity during adoles-
cence. Across adolescence, negative connectivity has been found
to increase between dorsolateral PFC (dIPFC), a region within
networks especially active during focused attention and medial
PFC, a region within the default mode network, which is especially
active at rest (Chai et al., 2014). Connectivity between amygdala
and medial PFC has also been shown to switch from positive to
negative during adolescence (Gee et al., 2013).

The goal of the present study was to examine the interrelations
among adolescent substance use, NAcc-based RSFC, and sensation
seeking. We conducted the current study with a sub-sample of
Mexican-origin adolescent participants drawn from a multigen-
erational longitudinal study of the emergence of substance use
and subsequent addiction problems. Latinos are a rapidly grow-
ing segment of the population, but are largely underrepresented in
psychiatric and neuroscience research (Arnett, 2008; Chiao, 2009),
despite evidence for higher rates of substance use among Latino
adolescents (Johnson et al., 2014). Nonetheless, the racial and cul-
tural homogeneity of the current Mexican-origin sample provides
an inherent control for the influence of race and ethnicity and pro-
vides data on an understudied ethnic group while producing novel
results that should be generalizable to and replicable within other
populations. Three aims guided the current study: (1) to investigate
the relation between age of substance use onset and NAcc-based
RSFC, (2) to examine whether the relation between SS and age of
substance use onset relates to and potentially mediates any rela-
tion between NAcc-based RSFC and age of substance use onset (3)
to examine the specificity of the role of NAcc in the above analyses
by also exploring amygdala-, and dIPFC-based RSFC.

2. Materials and method
2.1. Participants

Participants were 73 Mexican-origin adolescents (40 female,
Mage =16.26 years, SD=0.50) enrolled in a functional neuroimag-
ing sub-study of the California Families Project (CFP), a 10-year,
prospective, longitudinal study of risk for and resilience to sub-
stance use problems. Participants in the main CFP study included
674 single and two-parent families of Mexican origin with a fifth
grade child (Mag. =10.85, 50.2% female) who were drawn at ran-
dom from school rosters of students during the 2006-2007 and
2007-2008 school years. Participants in the parent study were
ranked based on the number of items endorsed on the two sub-
stance use scales at age 15. Participants for the neuroimaging
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study were randomly drawn from the top (N=37) and bottom
(N=36) third of this distribution, excluding any adolescents taking
psychotropic medications. Four adolescents were excluded from
analyses due to excessive movement in the scanner, resulting in a
sample of 69 youths for all reported analyses.

2.2. Measures

2.2.1. Substance use

Participants reported their history of substance use using the
Alcohol, Tobacco, and Other Drugs (ATOD) survey (Elliott et al.,
1982) at each annual CFP assessment from ages 10-16, as well
as on the day of the MRI visit prior to turning 17. This measure,
chosen for its sensitivity to low to moderate levels of use, consists
of 26 items about participants’ respective use of cigarettes, beer,
wine or wine coolers, hard liquor, marijuana, inhalants, and other
drugs as well as their experience with binge drinking, being drunk
on alcohol, or being high on drugs. For each of those substances
or experiences, they were asked, “have you ever...,” and if yes,
then asked “at what age did you first. . .,” and “in the last 3 months,
how many times have you...” Finally, on the day of the MRI visit,
an Oralert oral saliva drug test was used to assess the presence of
substances within the preceding few days (Transmetron, Salt Lake
City, Utah). Participants who tested positive were asked if they were
currently under the influence of the drug. If they reported no, they
continued with the scan (100%). Participants’ age of substance use
onset, as shown in Table 1, was determined based on when they
first reported having used any substance, or presence of substance
was detected in saliva. This number was subtracted from 17, partic-
ipants’ maximum age in years by the end of MRI data collection, to
calculate years since substance use onset. Years since substance use
onset ranged from 0 = never reported having used substances, no sub-
stances present at MRI visit to 7 = reported having used substances for
the first time at age 10. Frequency of use in the 3 months preceding
the scan was scored on a 0-4 scale (0 =no use, 1 =1less than once per
week, 2 = once per week, 3 =two or three times per week, 4 = almost
every day). Participants also completed the substance use disorder
section of the Diagnostic Interview Schedule for Children-IV (DISC,
Shaffer et al., 2000) at each of the seven annual visits to deter-
mine lifetime diagnosis for substance abuse and dependence. Four
adolescents met criteria for a diagnosis of alcohol abuse. Two met
criteria for a diagnosis of alcohol dependence. One met criteria for
marijuana abuse, and one met criteria for marijuana dependence.
Finally, one adolescent met criteria for both marijuana and alcohol
abuse.

2.2.2. Demographic characteristics and psychiatric symptoms

All adolescents in the CFP completed the Woodcock-Johnson III
IQtest(Woodcocketal.,2001) on the first visit in fifth grade. Parents
of adolescents reported education, income and household roster at
the first visit, which was then used to calculate socioeconomic sta-
tus (SES, See Supplementary Materials). Participants self-reported
on their pubertal development using the Pubertal Development
Scale (Petersen et al., 1983). The scale consisted of 6 items total
(4 items for both boys and girls, then 2 items per gender that are
specific to their own gender development). Tanner stage at age
16 was calculated based on the average of these 6 items from the
visitin 10th grade. Descriptive statistics are summarized in Table 2.
Participants self-reported symptoms of attention deficit hyperac-
tivity disorder (ADHD), anxiety, depression, conduct disorder, and
oppositional defiance, based on the DISC, at each of visit. Two par-
ticipants in the sample met criteria for conduct disorder in 10th
grade. No other participant met criteria for any other psychiatric
disorder (see Supplementary Materials for descriptive statistics of
each psychiatric disorder).

2.2.3. Sensation seeking

The Sensation Seeking Scale (Zuckerman and Link, 1968), com-
pleted on the day of the fMRI scan, consists of four subscales
with 10 items each. For each item, participants chose between
two statements that reflected high or low sensation seeking. The
four subscales were: Thrill and Adventure Seeking (e.g., “I often
wish I could be a mountain climber” versus “I can’t understand
people who risk their necks climbing mountains.”; o =0.61); Dis-
inhibition (e.g., “I like wild, uninhibited parties” versus “I prefer
quiet parties with good conversation.”; a =0.77); Experience Seek-
ing (e.g., “people should dress in individual ways, even if the effects
are sometimes strange” versus “people should dress according to
some standard of taste, neatness, and style”; o =0.47); and Bore-
dom Susceptibility (e.g., “I can’t stand watching a movie I've seen
before” versus “there are some movies I enjoy seeing a second or
even a third time”; «=0.56). The Disinhibition subscale contains 3
items that specifically refer to substance use (e.g., “I have tried mar-
ijuana or would like to” versus “I would never smoke marijuana”;
o =0.69). All analyses involving the total SS and Disinhibition scales
were conducted both with («¢=0.77) and without («=0.67) these
substance-related items.

2.3. Resting state fMRI

2.3.1. Resting state scan

Participants were instructed to lie still and relax in the scanner
for several minutes with their eyes opened and focused on a white
fixation cross presented on a black screen through a mirror attached
to the head coil. Resting state fMRI data were collected for 7 min
24s.

2.3.2. Image acquisition and data preprocessing

The scan was conducted on a Siemens 3T TIM Trio MRI
scanner with a 32-channel head coil. Parameters for image
acquisition were voxel size=3.5 x 3.5 x 3.5mm, slices=35, slice
thickness=3.5 mm, repetition time=2000ms, echo time=27 ms,
flip angle=80 degrees, interleaved slice geometry, field of
view =224 mm. Images were T2 weighted. The first three volumes
were discarded to ensure magnet stabilization. Preprocessing was
conducted using the FMRIB Software Library (FSL) (Smith et al.,
2004) and Analysis of Functional Neurolmaging (AFNI) software
(Cox, 1996). Preprocessing consisted of slice timing correction,
rigid body motion correction with six degrees of freedom, and
spatial smoothing with a 6 mm half-maximum Gaussian kernel.
“Denoising” of the data was accomplished through indepen-
dent component analysis using FSL’s MELODIC, with components
rated as either signal or noise using criteria for visual inspection
described by Kelly et al. (2010). The noise components were then
filtered out of the functional data. Each participant’s functional
data were then co-registered with their brain-extracted structural
images and normalized to Montreal Neurological Institute (MNI)
stereotaxic space using FSL's two-stage registration method via
FLIRT. Alignment was visually confirmed for all participants. AFNI
was then used for de-spiking, band-pass filtering above 0.1 Hz and
below 0.01 Hz, and censoring of volumes with head motion greater
than 0.3 mm from the previous volume, resulting in the aforemen-
tioned exclusion of four participants for whom censoring resulted
in the removal of more than 44/220 volumes (i.e., 20% of the data).
As such, 69 participants were included in the analyses.

2.3.3. Data analysis

Aregion of interest (ROI) based on bilateral spheres with a radius
of 3.5mm each was created at the locations of the left and right
NAcc (MNI coordinates: x=+9, y=9, z=-8) based on prior work
(Di Martino et al., 2008). An ROI was created combining the left and
right amygdala using the probabilistic coordinates defined within



124 D.G. Weissman et al. / Developmental Cognitive Neuroscience 16 (2015) 121-129

Table 1
Substance use type and frequency by years since substance use onset and gender (N =69, Mag. = 16.2 years).
Years since substance use onset Any Substance Alcohol Marijuana Cigarettes
(0=No substance use; 1=0nset
at age 16; 7=0nset at age 10)
M F T Freq M F T Freq M F T Freq M F T Freq
0 6 13 19 0 11 16 27 0 13 21 34 0 20 27 47 0
1 8 3 11 .55 6 2 8 .62 6 4 10 .50 4 2 6 0
2 1 2 3 33 1 2 3 33 1 1 2 .50 2 2 4 0
3 4 7 11 .63 4 7 11 70 4 9 13 1.15 0 3 3 0
4 3 6 9 .89 3 5 8 75 5 1 6 1.33 3 1 4 1.00
5 3 3 6 1.8 2 3 5 .60 3 0 3 33 2 1 3 133
6 5 2 7 .57 4 2 6 .25 1 0 1 4.00 0 0 0 .0
7 3 0 3 3 3 0 3 2.67 0 0 0 0 2 0 2 .50
Total 33 36 69 .67 22 26 69 .46 33 36 69 49 33 36 69 13
M =male, F=female, T=total (male and female), Freq = mean age 16 frequency of use within last 3 months for males and females.
Table 2
Descriptive statistics by gender.
Male Female
M SD M SD
Age 16.27 0.51 16.21 0.42
Pubertal status 2.76 0.30 3.14 0.39
Verbal 1Q 95.00 10.57 90.23 10.87
Fluid IQ 95.87 14.58 101.00 11.68
Disinhibition 14.17 2.77 13.51 2.73
Boredom susceptibility 12.84 1.73 12.89 1.79
Thrill/adventure seeking 17.80 1.49 17.03 2.37
Experience seeking 14.68 2.01 15.13 1.84

AFNI's MNI stereotaxic atlas. Individual spherical ROIs with a radius
of 6 mm were created at the location of left and right dIPFC (MNI
coordinates: x=+40, y=40, z=24). Correct alignment of ROIs was
confirmed for each participant by visual inspection. The average
time course of the voxels in each ROI was extracted using AFNI's
3dmaskave and correlated with every voxel in the brain for each
participant using AFNI's 3dfim+. These correlation coefficients were
transformed using Fisher’s z transformation. More positive values
in the resulting z-score for each voxel indicate more similarity
between the BOLD time course of the ROI and that voxel, while
more negative values indicate anticorrelation between the BOLD
time courses.

Based on AFNI's 3dClustSim program, which uses Monte Carlo
simulations to determine appropriate cluster sizes, accounting for
the number of voxels and a 6 mm smoothing kernel, a voxel-wise
threshold of t=3.433, p=0.001, and a minimum cluster size of 45
voxels produced an overall alpha <0.01. Regression analysis was
conducted using AFNI's 3dttest++ to determine the effect of years
since substance use onset on the z-transformed correlation maps
representing connectivity for each ROI for each participant.

3. Results

3.1. Associations of substance use onset age with other variables
of interest

Pearson correlations were calculated between age of substance
use onset, age at scan, gender, pubertal status, IQ, SES, self-reported
substance use frequency concurrent to the scan, lifetime symptoms
of psychiatric disorders, and sensation seeking subscales. As shown
in Table 3, years since substance use onset was not significantly
correlated with age, gender, pubertal status at age 16, IQ, or SES.
Therefore, these variables were not included as covariates in the
resting state analysis. Years since substance use onset was signif-
icantly correlated with conduct disorder symptoms, oppositional
defiance symptoms, ADHD symptoms, and depression symptoms

(see Supplementary Materials). Years since substance use onset sig-
nificantly correlated with the Thrill and Adventure seeking subscale
of SS and to a greater extent with the Disinhibition subscale score.

3.2. Years since substance use onset and RSFC

Five regions demonstrated a significant positive relation
between the number of years since age 10 that adolescents had
engaged in substance use and the strength of connectivity with the
NAcc. As shown in Table 4 and Fig. 1, the earlier that adolescents
initiated substance use, the more positive the connectivity between
bilateral NAcc and right pre-supplementary motor area (pre-SMA),
right dorsolateral PFC (dIPFC), right dorsomedial PFC (dmPFC),
right inferior parietal lobule (IPL), and left medial temporal gyrus
(MTG). These clusters remained significant when conducting sep-
arate analyses excluding participants who had tested positive for
marijuana in saliva, and excluding participants who met subclinical
criteria for conduct disorder.

As shown in Table 5, six regions demonstrated a significant rela-
tion between the number of years since age 10 that adolescents
had engaged in substance use and the strength of connectivity
with the right dIPFC. Examining the overall connectivity of these
regions with right dIPFC, independent of substance use, revealed
that three clusters had overall negative connectivity with right
dIPFC, and three clusters had overall positive connectivity with
right dIPFC. Right ACC, ventromedial prefrontal cortex, and right
dorsomedial prefrontal cortex had overall negative connectivity
with right dIPFC, but the connectivity was less negative the earlier
that adolescents initiated substance use. Two clusters in right and
left dIPFC and another in the right lingual gyrus demonstrated over-
all positive connectivity with right dIPFC, and the connectivity was
more positive the earlier that adolescents initiated substance use.
In addition, a single cluster in right ACC demonstrated significantly
less negative connectivity with left dIPFC the younger adolescents
were when they first engaged in substance use.
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Table 3
Pearson correlations among demographic characteristics, substance use, and sensation seeking.
1 2 3 4 5 6 7 8 9 10 11 12

1. Years of use 1

2. Female -.18 1

3.Age 15 -.06 1

4. Pubertal status .01 49" .09 1

5. Verbal IQ -.11 -.22 -26 -.03 1

6. Fluid 1Q -.06 19 -31 13 27 1

7.SES .06 .04 -.07 .10 .05 12 1

8. SU frequency 59" -.22 .19 .06 —.08 —.12 -.07 1

9. Disinhibition 48" -.12 -.03 24 -.06 -.05 .02 617 1

10. Boredom susceptibility .14 .01 -.13 .20 13 .07 .04 .14 48" 1

11. Thrill/adventure seeking 26 -.19 13 .08 .01 .03 .20 .05 13 10 1

12. Experience seeking .14 12 .02 357 12 11 -12 13 32" 24 .09 1

" Correlation is significant at the 0.05 level (2-tailed).

" Correlation is significant at the 0.01 level (2-tailed).

Table 4
Clusters with a significant positive relation between bilateral NAcc RSFC and years since age 10 of substance use onset (N=69, Mage = 16.2 years).

Voxels Peak (x,y, z) Region BA
792 44,12,54 Right pre-supplementary motor area, dorsolateral prefrontal cortex 6,8,9
153 50, —52, 46 Right inferior parietal lobule 40

99 4,32,40 Right dorsomedial prefrontal cortex 6

66 18, 38, 46 Right dorsolateral prefrontal cortex 9

45 —44,6, -28 Left middle temporal gyrus 21

NAcc=nucleus accumbens; RSFC=resting state functional connectivity; Peak (x, y, z)=MNI coordinates for the voxel with the highest coefficient within each cluster;
BA=Brodmann’s area; Voxel-wise threshold: t=3.433, p=0.001 for minimum cluster size of 45 voxels, alpha <0.01.

Table 5

Clusters with a significant positive relation between right and left dIPFC RSFC and years since age 10 of substance use onset.
Voxels Peak (x,y, z) Region BA
Right dIPFC
172 16, 42,28 Right medial prefrontal cortex, anterior cingulate 9
157 0,58, -16 Ventromedial prefrontal cortex 11
111 36, 14, 50 Right dorsolateral prefrontal cortex 8
81 8,54,34 Right dorsomedial prefrontal cortex 9
69 20, -104, -5 Right lingual gyrus 18
57 —44,48, -12 Left ventrolateral prefrontal cortex 11
Left dIPFC
160 16, 40, 28 Right anterior cingulate 9

dIPFC = dorsolateral prefrontal cortex; PFC= prefrontal cortex; ACC=anterior cingrulate cortex; RSFC=resting state functional connectivity; Peak (x, y, z) = MNI coordinates
for the voxel with the highest coefficient within each cluster; BA=Brodmann'’s area; Voxel-wise threshold: t=3.433, p=0.001 for minimum cluster size of 45 voxels, alpha

<0.01.

In contrast to results for the NAcc and dIPFC seeds, no regions
demonstrated significant relations between age of substance use
onset and connectivity with the amygdala seed.

There was no significant relation between substance use fre-
quency concurrent with the fMRI scan and NAcc connectivity. Thus,
there was no justification for investigating whether RSFC differ-
ences related to substance use frequency could explain the relation
between RSFC and number of years using substances.

Neither overall SS nor Disinhibition demonstrated a significant
relation to NAcc RSFC. Thus, there was no justification for inves-
tigating whether RSFC differences related to SS could explain the
relation between number of years using substances and RSFC. Due
to the lack of a relation between amygdala RSFC and substance use,
amygdala RSFC was not investigated with regard to SS.

4. Discussion

This study was designed to determine the relation between
the age of substance use onset across early to middle adolescence
and the intrinsic connections of the brain’s reward circuitry. A
robust and consistent relation was observed, such that the earlier
adolescents initiated substance use, the greater the coordinated

activity of bilateral NAcc and five neural regions: right pre-SMA,
right dIPFC, right dmPFC, right IPL, and left MTG. This pattern
is striking in both expected and novel ways. First, the relations
between NAcc connectivity with each of the five other regions and
years since substance use onset were consistent, whereby a lin-
ear increase in NAcc connectivity with these regions corresponded
with every year earlier that the adolescents initiated substance
use. Second, these right hemisphere regions have been shown in
previous research to be strongly connected to one another both
functionally and structurally, and to be primary nodes in what has
commonly been called the right fronto-parietal control network
(Fassbender et al., 2006; Seeley et al., 2007; Nindam et al., 2012).
Co-activation of the regions in this network has been observed
in resting state studies (Damoiseaux et al., 2006; Spreng et al.,
2013) as well as during performance of a variety of tasks requir-
ing cognitive control (Fassbender et al., 2006; Seeley et al., 2007).
Right dIPFC and right IPL in particular have been implicated as the
common brain regions involved in a wide range of executive func-
tions requiring top-down attentional control (Fassbender et al.,
2006). They are therefore considered to constitute a network of
intrinsically connected regions that generally subserve cognitive
control.
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Fig. 1. Points on the scatter plots depict the Z-transformed correlations of the voxel time courses within each significant cluster with the NAcc time course, averaged across
the voxels in each cluster, and plotted against years since age 10 of substance use onset for each participant. B=Regression coefficient for the relation between years since
onset of use and NAcc-Cluster connectivity, R Pre-SMA/dIPFC = Right pre-supplementary motor area, dorsolateral prefrontal cortex; R IPL=Right inferior parietal lobule; R
dmPFC = Right dorsomedial prefrontal cortex; R dIPFC=Right dorsolateral prefrontal cortex, L MTG = Left middle temporal gyrus.

Our results suggest that earlier onset of substance use relates
to greater integration of striatal and right frontoparietal networks,
and thereby a stronger coupling of the brain’s reward and cognitive
control mechanisms. This increased between-network coupling
may not be specific to reward and cognitive control networks,
however. More years of substance use was also associated with
increased connectivity between dIPFC and several regions within
prefrontal cortex, a pattern that runs counter to the develop-
mental trajectory typically seen across adolescence toward more
segregation of neural networks that underpin opposing or com-
plementary functions (Chai et al., 2014; Fox et al., 2005; Stevens

et al.,, 2009). The patterns of increased interconnectivity between
dIPFC and other prefrontal regions, particularly ACC, are strikingly
similar to those found in cocaine-dependent adults (Camchong
et al.,, 2011; Cisler et al., 2013). This suggests that a lack of
segregation between cognitive control regions and other brain
networks may be related to the duration of substance exposure
and risk for future substance use problems. Finally, amygdala did
not show any significant connectivity with any other regions,
lending support to the specificity of reward processing and cogni-
tive control circuitry connections to the adolescent substance use
phenotype.
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Increased coupling between reward and cognitive control
regions is consistent with research demonstrating that mone-
tary incentives improved performance and increased activation
in frontoparietal control networks during cognitive control tasks
for adolescents with substance use disorder, relative to healthy
controls (Chungetal.,2011). Astronger coupling of reward and cog-
nitive control networks may suggest a strong influence of external
appetitive motivators on goal-directed neural activity. Alterna-
tively, increased connectivity between NAcc and the frontoparietal
network may represent a compensatory mechanism by which
those that have longer lifetime use of substances recruit normative
levels of cognitive control behavior when required.

Greater connectivity between NAcc and the right frontopari-
etal network does not appear to be a neural signature of sensation
seeking. Although strongly correlated with the number of years
since substance use onset, neither Sensation Seeking nor Disin-
hibition was associated with NAcc-based RSFC; thus, NAcc-based
RSFC could not mediate the link between SS and earlier adolescent
substance use. SS is by no means an exhaustive measure of the psy-
chosocial tendencies that predispose adolescents to early substance
use onset, and previous studies have failed to find a connection
between SS and neurodevelopmental trajectories in adolescence
thought to underlie risk-taking (Mills et al., 2014). Nonetheless,
these findings suggest that NAcc functional connectivity with
the right frontoparietal control network is related to adolescent
substance use behavior, irrespective of its association with a pre-
existing tendency to pursue rewards. A more likely explanation
may therefore be that substance use during adolescence engages
NAcc and theright frontoparietal network in tandem, perhaps espe-
cially as behavior is regulated toward the pursuit of rewards such
as substances, and the earlier that substance use takes place, the
stronger the coactivations become. This connectivity pattern may
therefore be one mechanism by which early adolescent substance
use alters brain function and contributes to the development of
substance use disorders.

Some important limitations must be considered in interpreting
the current findings. First, the single time-point of fMRI data collec-
tion leaves the direction of causality undetermined. Structural and
functional differences in the brains of adolescent substance users
have been identified both before and after the initiation of sub-
stance use (Squeglia et al., 2009). It is unknown from the present
study’s results whether differences in connectivity preceded and
contributed to earlier substance use, or vice versa. To address this
issue, longitudinal study of adolescents’ neurodevelopment and
substance use into adulthood is essential. These efforts should also
assess other psychosocial tendencies and behaviors related to sub-
stance use and risk-taking as potential mediators of brain-behavior
relationships in order to more rigorously characterize the nature
of their causal relationship. In fact, the participants in this study
will continue to be followed annually, and data on their substance
use behavior and psychosocial tendencies will be collected into
adulthood.

Second, although the use of MNI standard space, based on adult
brains, is common practice in studies of adolescent brain function
(Stevens et al., 2009; Cservenka et al., 2014; Chung et al., 2011),
and we visually confirmed localization of all ROI seeds, the appro-
priateness of using the adult brain to normalize and locate ROIs
on adolescent brains remains open to debate (Muzik et al., 2000).
Future research might create and employ the use of a template
based on the adolescent brain to study substance use in adolescent
samples.

Third, despite there being a wide range of substances, sub-
stances were treated as a general category in connectivity analyses.
Given the high degree of overlap in substance usage and the small
number of adolescents engaging in the use of substances other than
alcohol and marijuana, the present study was underpowered to test

for NAcc-based RSFC differences related to specific drugs, which
should be addressed in future work. Moreover, future researchers
should note the comorbidity of alcohol and marijuana use when
investigating the specific effects of either substance.

Furthermore, our measure of age of onset suggests different time
windows over which participants had engaged in substance use.
This was found to more strongly relate to NAcc-based RSFC than
concurrent frequency of use. However, other approaches to oper-
ationalizing substance use across all these years could contribute
to variations in the consequences for neural functioning. Further
investigations could attempt to identify particular developmental
windows in which onset, duration, and frequency of use may be
differentially influential on neural functioning.

The current study suggests other new avenues for future work.
First, the right lateralization of these functional connectivity pat-
terns for the NAcc seed as well as the more profuse prefrontal
interconnectivity differences for the right versus the left dIPFC seed
raise questions for future investigation. Although left and right
frontoparietal control networks frequently demonstrate coactivity
during cognitive control (Seeley et al., 2007; Niendam et al., 2012),
the right and left frontoparietal control networks have also been
found to be dissociable functional networks (Damoiseaux et al.,
2006; Yeo et al,, 2011; Spreng et al., 2013). It is unclear what it
is about adolescent substance use that would specifically promote
greater connectivity with the right, and not the left, frontopari-
etal control network. Further research is necessary to investigate
the functional specificity of these regions, their connectivity with
striatum, and their relation to substance use.

A growing body of research connects aberrant RSFC with adoles-
cent psychopathology, including anxiety symptoms and disorders
(Burghy et al., 2012; Roy et al., 2013), depression (Cullen et al.,
2009), attention-deficit/hyperactive disorder (Sripada et al., 2014),
and now, with the present study, substance use. With continued
investigation and replication, RSFC shows promise as a method
for identifying the mechanisms by which early adolescent sub-
stance use may lead to later substance abuse and dependence,
and as a unique indicator of risk, with the potential to reflect
underlying genetic and developmental variability in neurotrans-
mission. Indeed, NAcc-PFC RSFC has been linked with genotypic
differences impacting dopamine neurotransmission (Gordon et al.,
2015, 2012), an increase in which is thought to lead to increased
incentive motivation in adolescence (Luciana et al., 2012). As such,
examining RSFC as an endophenotype may be applied to future
work focused on understanding risk from genotype to phenotype.
Incorporating a multi-level perspective on the genetic and neurobi-
ological contributors to the development of substance use disorders
into translational efforts has the potential to lead to transformative
prevention and intervention efforts.

5. Conclusion

The earlier substance use was initiated in adolescence, the
stronger the coupling between NAcc and brain regions that make up
the right frontoparietal network, a network known to be involved
in cognitive control, as well as increased interconnectivity between
dIPFC and other PFC regions. These patterns occurred indepen-
dently of the equally strong relations between the age of substance
use onset and disinhibition, and age of substance use onset and sub-
stance use frequency. Because of the strong connection between
age of substance use onset and later substance abuse and depend-
ence, these findings suggest that connectivity between reward and
cognitive control networks may serve as a mechanism influenc-
ing the transition to substance abuse and dependence. This study
demonstrates the utility of seed-based resting state functional con-
nectivity analyses in improving our understanding of variations
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in neural functioning that underlie psychiatric illness, indicating
its burgeoning potential in the identification of risk and targeted
intervention.
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