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Abstract

Objectives: Youth with parental substance use disorder (family-history positive [FH+]) are at an elevated risk for substance
use problems, but not all FH+ youth experience this outcome. Frontostriatal brain networks involved in inhibitory control and
reward responsivity underlie risk-taking behaviors, but the role of these networks in substance use heterogeneity among FH+
youth has not been examined. The present study examined resting state functional connectivity (RSFC) in frontostriatal
networks in FH+ youth with and without risky substance use.

Methods: Participants were 36 FH+ adolescents (mean age 14.96 years at the scan date; 36% female) from a longitudinal,
community-based functional magnetic resonance imaging study enriched for parental alcohol use disorder. Groups were
based on the absence (resilient) or presence (high-risk) of at least one occasion of any substance use by age 14 and also use of at
least two different types of substances by the most recent substance use assessment (mean age 16.89 years). Bilateral masks of
the dorsolateral prefrontal cortex (DLPFC) and the nucleus accumbens were used for seed-based RSFC due to the importance
of these regions in executive control and salience networks, respectively.

Results: Compared with FH+/high-risk youth, FH+/resilient youth displayed greater connectivity between the left DLPFC
seed and the left posterior cingulate cortex. No other brain regions showed significantly different RSFC between resilient and
high-risk groups.

Conclusion: FH+/resilient youth showed stronger synchrony between brain regions associated with cognitive control,
particularly those associated with flexible adaptation of thoughts and behaviors. Although preliminary, the results of this
study set the stage for a continued focus on risk-group heterogeneity to better identify neural markers of resilience against
substance use problems in vulnerable populations.
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Introduction

ADOLESCENCE IS A DYNAMIC TIME when simultaneous biologi-
cal, psychological, and social changes lead to an increase in
risk-taking behaviors, including substance use. According to data
from the 2017 Monitoring the Future Study, 61.5% of 12th graders
reported a lifetime history of alcohol use and 48.9% of 12th graders
reported a lifetime history of illicit drug use (Miech et al. 2018).
Substance use during adolescence confers both immediate and
long-term risk; alcohol misuse is cited as a factor in 4358 deaths
(Centers for Disease Control and Prevention [CDC] 2016) and
188,000 emergency room visits (Substance Abuse and Mental

Health Services Administration [SAMHSA] 2016) for youth under
the age of 21 each year, and the majority of adults who meet criteria
for having a substance use disorder (SUD) started using substances
during adolescence (Substance Abuse and Mental Health Services
Administration [SAMHSA] 2017).

Developmental changes in the brain are believed to contribute to
risk-taking behaviors that emerge during adolescence, including
the initiation and escalation of substance use. Dual system models
of brain development describe a functional and maturational mis-
match between the top-down cognitive control network (localized
in prefrontal cortex) and bottom-up reward network (localized pri-
marily in the striatum, particularly the nucleus accumbens [NAcc])
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(Casey et al. 2008; Shulman et al. 2016). The top-down control
network matures linearly over development from late childhood
through early adulthood (e.g., Galvan et al. 2006; Somerville and
Casey 2010), whereas manifestations of the bottom-up reward
network follow a curvilinear trajectory, increasing during late
childhood, peaking during early adolescence, and then declining
through the early twenties (Shulman et al. 2016 for review).

This imbalance between the function and maturity of brain
systems underlying cognitive control and reward responsivity is
believed to underlie the normative increases in sensation seeking,
impulsivity, and reward-driven behavior observed during adoles-
cence. However, not all adolescents engage in risky, reward-driven
behavior such as substance use. Rather, individual variability in
top-down control and bottom-up reward system connectivity is
likely to be informative in determining why certain individuals
engage in substance use while others abstain.

Understanding these individual differences may be particularly
important for adolescents with a family history of SUDs (family-
history positive [FH+]) because they are at an elevated risk for de-
veloping alcohol and drug use disorders compared to youth without
such familial risk (e.g., Sher et al. 1991; Zimi¢ and Juki¢ 2012).
Various neurobiological markers have been identified that may
predispose FH+ youth to problem substance use, including differ-
ences in reward and inhibitory control (e.g., Ivanov et al. 2012;
Hardee et al. 2014), and resting state functional connectivity (RSFC)
(e.g., Cservenka et al. 2014); notably, these risk markers have been
found before the onset of any substance use (Heitzeg et al. 2015a;
Cservenka 2016; Squeglia and Cservenka 2017, for reviews).

Existing literature has typically viewed FH+ youth as a ho-
mogenous group and compared FH+ youth to lower-risk youth who
have no family history of SUD (e.g., Stice and Yokum 2014). Yet,
not all FH+ youth go on to experience heavy and/or problematic
substance use despite having familial risk. Certain FH+ youth are
resilient, defined here as the ability to avoid a pathological outcome
despite experiences of adversity (e.g., Windle and Zucker 2010;
Hurd and Zimmerman 2016).

In particular, subgroups of FH+ adolescents that display low or
modest rates of substance use during adolescence through early
adulthood have been identified (e.g., Chassin et al. 2002; Park and
Schepp 2015; Martz et al. 2018). Because this is a developmental
period during which substance use and SUD onset typically begin
(Substance Abuse and Mental Health Services Administration
[SAMHSA] 2017), these youth can be considered FH+/resilient.
Yet, little is known regarding the neural factors underlying het-
erogeneity in FH+ individuals.

RSFC analysis has recently shown great promise for character-
izing heterogeneity in brain development between FH+ and FH—
youth (e.g., Cservenka et al. 2014). Thus, RSFC may also be useful
to examine potential differences in neural connectivity between
FH+/resilient and FH+/high-risk groups. This method was devel-
oped following the observation that spontaneous fluctuations in
functional magnetic resonance imaging (fMRI) signal collected
from brain regions when participants were at rest co-varied with
signal fluctuations in other regions that have shared functional
properties and anatomical connections (Biswal et al. 1997; Xiong
et al. 1999; Cordes et al. 2000).

Under the assumption that the degree of covariance between
spatially distinct brain regions reflects the strength of functional links
between them, RSFC analyses have allowed researchers to make
inferences about the organization of large-scale neural networks and
the role of these networks in behavior (Fox and Raichle 2007). Re-
levant to dual system models of brain development, RSFC analyses
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have identified networks of regions that appear to be involved in top-
down control, such as areas within the executive control network, as
well as regions within the salience network associated with reward
processing (Seeley et al. 2007; Sutherland et al. 2012).

Beyond normative functioning, RSFC analyses have been used
to characterize individual differences in neural development that
are linked to risk behaviors and psychopathology; altered RSFC of
regions linked to both top-down control and limbic/reward system
functions has been reported in various externalizing psycho-
pathologies and substance use (Ma et al. 2010; Wetherill et al.
2012; Krmpotich et al. 2013; Sripada et al. 2014a; Cohn et al. 2015;
Weissman et al. 2015). Hence, RSFC appears to provide an ef-
fective method for characterizing interactions within and between
neural systems involved in cognitive control and reward processing
and for linking individual differences in these interactions to risk
for substance use and related outcomes.

The present study used seed-based RSFC analyses to identify
neural indicators of heterogeneity in substance use behaviors be-
tween two subgroups of FH+ youth—those who were resilient and
those who were high-risk adolescents. ‘‘Resilience’” was defined as
having a vulnerability for substance use due to family history of
alcohol use disorder (AUD) and yet not displaying risky substance
use behavior. ““High-risk” was defined as having the same familial
vulnerability as the FH+/resilient group but exhibiting risky sub-
stance use, thus suggesting that they were already on the pathway to
problem use in adulthood.

Dual criteria used to determine potentially risky substance use
were use by age 14, as well as polysubstance use in adolescence.
Substance use by the age of 14 is associated with an increased risk
for disordered use in adulthood (Grant et al. 2001; Hingson et al.
2006; Swift et al. 2008; Perez et al. 2010; Buchmann et al. 2011;
Kendler et al. 2013). Polysubstance use, especially during early
adolescence, is also a risk factor for later substance use problems
(e.g., Connor et al. 2014; Morley et al. 2015).

RSFC analyses were conducted in resilient and high-risk groups
using seeds in the dorsolateral prefrontal cortex (DLPFC) and
NAcc, given their importance to executive control and salience
networks, respectively (e.g., Li et al. 2009). Furthermore, task-
based activation in these regions has been found to differ between
resilient and high-risk youth in the few existing studies comparing
neural function between these groups (NAcc: Heitzeg et al. 2008;
Yau et al. 2012; DLPFC: Martz et al. 2018).

Methods
Participants and study design

Participants were 36 right-handed adolescents (36.1% female;
M=14.96 years old at scan date, standard deviation [SD]=1.36)
from an ongoing fMRI study of youth recruited from the Michigan
Longitudinal Study (MLS). The MLS is a longitudinal, community-
based study of families with parental AUD and a contrast sample of
families without parental AUD living in the same neighborhoods
(Zucker et al. 2000).

To focus on resilient and high-risk FH+ youth, participants in the
present study were only from families in which at least one parent
had an AUD diagnosis. Parental AUD was established by clinical
assessments (Diagnostic Interview Schedule—Version 4) (Robins
et al. 2000) conducted at the time of recruitment and through
multiple in-person diagnostic assessments over the course of the
study. Families in which the children displayed signs of fetal al-
cohol syndrome were excluded from participation. Full details on
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the prospective assessment and data collection protocol in the MLS
can be found elsewhere (Zucker et al. 2000).

Exclusionary criteria for the neuroimaging subsample of the
MLS were any neurological or chronic medical illness, any current
or recent (within 6 months) treatment with centrally active medi-
cations, and a history of psychosis or schizophrenia in first-degree
relatives. The presence of an Axis I psychiatric or developmental
disorder was exclusionary except for conduct disorder, attention
deficit disorder, or SUD, as exclusion of these disorders would
preferentially eliminate part of the phenomenon of interest (i.e.,
heavy substance use).

Participants were instructed to abstain from alcohol and drug use
for 48 hours before scanning and then given a multidrug five-panel
urine screen just before scanning. Given that THC metabolites are
detectable in the urine for a week or even longer, participants who
tested positive for marijuana were asked about recent marijuana
use. Report of marijuana use in the prior 48 hours was exclusionary.
The study protocol was approved by the University of Michigan
Institutional Review Board. Participants under the age of 18 gave
signed assent, and at least one parent provided written informed
consent for their child to participate.

FH-+/resilient and FH+/high-risk groups were determined by the
absence or presence, respectively, of the following: (1) at least one
occasion of alcohol, cigarette, marijuana, or other illegal drug use
by age 14 and (2) use of at least two different types of substances
(e.g., marijuana and alcohol) by the most recent substance use
assessment (M =16.89 years old, SD=1.50). To further ensure the
absence of problem drinking, the FH+/resilient group must have
also reported no drunkenness by age 17. These criteria defined a
FH-+/resilient group (n=21) and a FH+/high-risk group (n=15).

Measures

Substance use. Quantity and frequency of substance use
were assessed through the self-report Drinking and Drug History
(DDH) Questionnaire (Zucker et al. 1990), which was administered
annually beginning at age 11. Past year drink volume was calcu-
lated as counts of drinking days per month that were then multiplied
by drinks usually consumed per drinking day. Past year cigarette
use was measured by the approximate number of days in the past 12
months that participants reported smoking cigarettes. Past year
marijuana use was measured by the approximate number of days in
the past 12 months that participants reporting using marijuana. Past
year illicit drug use was determined by the number of drugs (other
than marijuana) that participants reported using that year.

Cumulative measures of drink volume, cigarette use, marijuana
use, and illicit drug use were calculated as sum measures of yearly
use reported up to and including age 14 and up to including age 16.
First use/drunk measures were determined from the first annual
DDH questionnaire in which participants endorsed each substance
use behavior (alcohol use, drunkenness, cigarette use, marijuana
use, and illicit drug use other than marijuana).

fMRI data acquisition. Whole-brain blood oxygen level-
dependent images were acquired on a 3.0 Tesla GE Signa System
(Milwaukee, WI) using a standard radio frequency coil. Functional
imaging was performed using T2*-weighted single-shot combined
spiral in-out acquisition sequence (Glover and Law 2001) with the
following parameters: repetition time (TR)=2000 mseconds; echo
time (TE)=30 mseconds, flip angle=90°, field-of-view (FOV)=
Ocm, 64x64 matrix, slice thickness=4mm, 29 slices. High-
resolution anatomical T1 scans were acquired for spatial nor-
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malization (three-dimensional [3D] spoiled gradient-recalled echo,
TR =25 mseconds; min TE; FOV =25 cm; 256 X 256 matrix, slice
thickness = 1.4 mm).

During the 6-minute resting state scan, participants were in-
structed to focus on a plus sign shown through a screen at the head
of the scanner bore and a mirror attached to the head coil. They
were told to remain as still as possible without closing their eyes or
falling asleep. In addition to emphasizing the importance of re-
maining still, participant motion was minimized with foam pads
placed around the head and a forehead strap.

Data analysis

RSFC analysis. Connectivity Toolbox (ConnTool), a seed-
based functional connectivity analysis approach in SPM developed
by the University of Michigan Methods Core, was used to conduct
RSFC analyses (e.g., Welsh et al. 2010; Sripada, et al. 2014b;
Watanabe et al. 2014). ConnTool has four steps as follows: (1)
input data specification; (2) preprocessing specification; (3) region
of interest (ROI) specification; and (4) output specification.

Input data specification. Time-series data from the resting
state scan were entered as input data. The resting state scan con-
sisted of one run, with data collected from 190 volumes at 2-second
intervals. Removal of artifacts arising from head motion was per-
formed on the smoothed functional time series data using ICA-
AROMA (Pruim et al. 2015).

Preprocessing specification. Preprocessing steps occurred
in the following order: detrending, motion regression, cerebrospi-
nal fluid regression, white matter regression, band-pass filtering,
and motion scrubbing of frames that exceed a framewise dis-
placement of 0.5 mm.

ROI specification.  Inline with the study focus on connectivity
within cognitive control and reward circuitry as potential indicators of
resilience and high-risk among FH+ youth, a priori ROI masks central
to executive control (bilateral DLPFC) and salience (bilateral NAcc)
networks were created with Wake Forest University Pickatlas (Mal-
djian et al. 2003) using coordinates from prior neuroimaging studies
that examined brain function associated with executive control and
salience networks. A 6 mm diameter sphere was centered at the
DLPFC coordinates (left DLPFC: x=-42, y=34, z=20; right
DLPFC: x=44, y=36, z=20; as per Seeley et al. 2007; Sherman et al.
2014; Woodward et al. 2011); and a 5 mm diameter sphere was cen-
tered at the NAcc coordinates (left NAcc: x=-10, y=13, z=-8; right
NAcc: x=10, y=13, z=-8; as per Yau et al. 2012; Martz et al. 2016).

Output specification. NIFTI 3D images of z-maps were
output to conduct second level analyses of group differences (i.e.,
FH+/resilient versus FH+/high-risk group contrasts). Type I error
was controlled at o=0.05 by establishing the voxel-wise signifi-
cance threshold at p <0.001 uncorrected with a voxel cluster-extent
threshold of 162, based on simulation results generated by
3dClustSim in AFNI (Version AFNI_16.3.18).

Results

FH+/resilient versus FH+/high-risk
group characteristics

Table 1 shows characteristics for resilient and high-risk FH+
groups. Groups were well matched on scan age (=1.30, p=0.204),
sex (t=0.40, p=0.692), and age at most recent substance use
assessment (r=1.99, p=0.060).
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TABLE 1. SAMPLE CHARACTERISTICS FOR FAMILY-HISTORY POSITIVE/RESILIENT AND FAMILY-HISTORY POSITIVE/HIGH-RISK GROUPS

Characteristic

FH+/resilient (n=21) FH+/high-risk (n=15)

Scan age

Male

Age at most recent substance use assessment
ADHD diagnosis®

Conduct disorder diagnosis®

Cumulative drink volume by age 14

Cumulative marijuana use days by age 14
Cumulative cigarette use days by age 14
Cumulative number of illicit drugs” used by age 14
Cumulative drink volume by age 16

Cumulative marijuana use days by age 16
Cumulative cigarette use days by age 16°
Cumulative number of illicit drugs® used by age 16
Age at first drink

Age at first drunk

Age at first marijuana use

Age at first cigarette use

Age at first illicit drug use”

14.71 (1.24)
66.7%
16.45 (1.08)
n=4
n=0

15.30 (1.49)
60.0%
17.50 (1.82)
n=1
n=1
121.13 (451.98)
17.95 (64.10)
0.20 (0.53)
1.07 (2.12)
616.00 (1321.40)
123.43 (225.35)
0.13 (0.43) 56.91 (115.60)
0 2.60 (2.38)
— 13.40 (1.84)
— 14.15 (1.82)
— 13.57 (2.10)
15.52 (0.05) 15.59 (1.35)
— 14.17 (2.64)

[N eNeNoNe N

“Any diagnosis reported from ages 9 to 17.
"Illicit drugs other than marijuana.

“Two FH+/resilient youth reported cigarette use, one at age 15.48 and the other at age 15.55; dashes indicate that the behavior was not endorsed.
ADHD, attention-deficit/hyperactivity disorder; FH+, family-history positive.

Group differences in resting-state
functional connectivity

As shown in Figure 1, FH+/resilient youth showed significantly
greater RSFC between the left DLPFC seed and the left posterior
cingulate cortex (PCC; MNI coordinates: x=—8, y=—42, z=24,
k=182, peak z-value=4.17) compared with FH+/high-risk youth.
There were no significant differences in right DLPFC RSFC be-
tween FH+/resilient and FH+/high-risk groups. There were also no
significant group differences in right or left NAcc RSFC.

Post hoc analyses with substance use

Due to the high-risk group displaying greater levels of substance
use before the scan, the potential impacts of cumulative substance

FIG. 1. Greater resting state functional connectivity between the
left PCC (designated by dashed circle) and the left dorsolateral
prefrontal cortex seed for FH+/resilient versus FH+/high-risk
youth. Whole-brain contrast map of the PCC is significant at
p <0.05 (cluster-defining threshold of p <0.001 uncorrected, cluster
size threshold of 162; MNI coordinates x=-8, y=—42, z=24).
FH+, family-history positive; PCC, posterior cingulate cortex.

use by age 14 and age 16 on between-group differences in func-
tional connectivity were tested. First, mean z-values for the left
PCC cluster showing significantly stronger connectivity with the
left DLPFC in the resilient versus high-risk group were extracted
using the MarsBaR toolbox (Brett et al. 2002). These values were
then imported into SPSS for further analysis. We conducted two
analysis of covariance (ANCOVA) analyses with DLPFC-PCC
z-values as the dependent variable, group membership as the
between-subjects factor, and substance use variables as cov-
ariates (two models: cumulative use by age 14; cumulative use
by age 16). Group membership remained significant in each model
(ps<0.004), and all substance use variables were nonsignificant
(ps>0.26). These findings suggest that levels of prior substance
use were not driving differences in strength of left PCC and left
DLPFC connectivity between resilient and high-risk groups.

Discussion

Findings from the present study support recent evidence showing
that certain neural markers may differentiate FH+/resilient and
FH+/high-risk youth (Heitzeg et al. 2008; Yau et al. 2012; Martz
et al. 2018). The present study is the first to use RSFC to identify
neural circuitry differentiating these two FH+ groups. Although
preliminary, results suggest that stronger synchrony between the left
DLPFC and left PCC may be a neural indicator of resilience against
early and potentially problematic substance use among FH+ youth.

DLPFC connectivity

In the resilient group, the left DLPFC showed greater coupling
with the left PCC. The left PCC, which is a parietal region within
the brain’s limbic system and a central node within the default
mode network (Raichle 2015), is involved in an array of cognitive
functions related to memory, attention, and decision-making
(Pearson et al. 2011). One function of the PCC that is perhaps most
relevant to resilience against heavy substance use is flexible ad-
aptation of thoughts and behaviors in response to changing
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environmental contexts (Pearson et al. 2011; Leech et al. 2012).
This form of context-based self-regulation aligns closely with the
personality construct of ego resiliency described by Block and
Block (1980) and more recently by Eisenberg et al. (2003).

Associations between ego resiliency and substance use vulnera-
bility have been documented in our own group, as well as the external
research literature. Wong et al. (2006) found that children with higher
levels of ego resiliency in preschool were less likely to begin alcohol
use by age 14 than children with lower resiliency. Weiland et al. (2012)
found that greater ego resiliency in adolescence was associated with
better performance in an executive functioning task and lower levels
of substance use in young adulthood. Heitzeg et al. (2015b) found that
adolescent marijuana use was related to lower ego resiliency in young
adulthood and that this relationship was mediated by brain activation
in the DLPFC in response to negative emotional stimuli.

In addition, the PCC is associated with the processing of emo-
tionally salient stimuli, such as substance use cues (e.g., Tapert
et al. 2003; Feldstein Ewing et al. 2012; Filbey et al. 2016). Thus,
stronger coupling between the DLPFC and PCC in the resilient
compared to high-risk group may indicate greater synchrony be-
tween regions involved in executive functions that are also linked to
substance use outcomes.

In the present study, connectivity between the DLPFC and PCC
was lateralized to the left hemisphere, and there were no significant
differences in connectivity between resilient and high-risk youth in
the right DLPFC seed. The literature is mixed in terms of whether
left, right, or bilateral DLPFC activation is associated with atten-
tion, working memory, inhibitory control, and planning. For ex-
ample, a sample of adults who were abstinent from alcohol showed
reduced activation in the left but not right DLPFC during an im-
pulse control task compared to healthy controls (Li et al. 2009).
Studies using transcranial direct current stimulation to reduce
cravings for alcohol and marijuana have focused on the left DLPFC
(e.g., Boggio et al. 2010; da Silva et al. 2013).

Yet, other studies support the role of the right DLPFC in re-
sponse inhibition (e.g., Aron 2011; Stramaccia et al. 2015), spe-
cifically inhibition of risky decision-making relevant to substance
use (Yamamoto et al. 2015). Additional research is needed to test
differing hemispheric connectivity in the DLPFC, especially during
the developmental time period in which these regions mature.

NAcc connectivity

There were also no differences in left or right NAcc RSFC be-
tween resilient and high-risk youth. Due to the centrality of the
NAcc in relation to the brain’s salience network (e.g., Baler and
Volkow 2006) and the role of the prefrontal regions in the executive
control network and addiction vulnerability (Goldstein and Volkow
2011), it was expected that resilient youth would show greater
frontostriatal connectivity in comparison with high-risk youth.

However, differences in NAcc connectivity in FH+ youth may
differ from non-FH+ populations of youth. For example, Cservenka
et al. (2014) examined RSFC of the NAcc in FH+ compared with
FH- adolescents. Their findings indicated that in FH+ adolescents,
the NAcc was more weakly integrated with other brain regions
associated with reward responsivity and less differentiated with
regions involved in cognitive control. Both FH+ and FH— groups
had low levels of prior substance use, suggesting that atypical
neural circuitry between reward and cognitive control systems may
be a preexisting risk factor in FH+ youth.

Prior work focused on differences in brain function between
resilient and high-risk FH+ youth, with resilience and risk based on
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trajectories of binge drinking and marijuana use through young
adulthood, found that these groups differed in relation to inhibitory
control (i.e., DLPFC activation during a go/no-go task) but not
reward responsivity (i.e., NAcc activation during a monetary in-
centive delay task; Martz et al. 2018). In line with findings from
Martz et al. (2018), it is possible that both resilient and high-risk
FH+ youth may share similar proclivities toward heightened reward
responsivity but that the differences in FH+ youth who do versus do
not show substance use problems are contingent upon neural
function in prefrontal regions associated with cognitive control.

Strengths and limitations

An important strength of the present study is its investigation of
differences in RSFC between FH+/resilient and FH+/high-risk
youth, which has not been done in previous work. Groups were well
matched on scan age, sex, and age at most recent substance use
assessment; they differed only in levels of substance use and left
DLPFC connectivity. Thus, the present study sheds light on the
need to study FH+ youth as a heterogeneous rather than homoge-
nous group in terms of substance use behaviors and brain con-
nectivity. This has generally been overlooked in studies interested
in inferring risk based on family history, yet the present study
suggests that there are significant neural differences, as well as
behavioral differences, within these two subsets of youth, and
consideration of the two as equally high-risk is inappropriate.

Another key strength of the present study was its use of resting
state rather than task-based imaging. Advantages of resting state
analyses include having a lower likelihood of confounds inherent to
task-based imaging, thus allowing for the study of connectivity
between brain regions involved in both cognitive control and re-
ward processing without having to use different task-based para-
digms (Sutherland et al. 2012).

In addition to its strengths, some limitations of the present study
should be noted. First, the small sample size limits the generaliz-
ability of findings. Generalizability is also limited by the sample
consisting predominately of white males. Additional studies that
are both larger and more diverse are needed to test the replicability
and validity of findings across different populations of youth.
Second, although we found no significant associations between
substance use and DLPFC-PCC RSFC in our ANCOVA models, it
remains possible that higher levels of use in the high-risk group
may have impacted findings. Additional studies are needed, such as
work currently being done by the Adolescent Brain Cognitive
Development study (Feldstein Ewing et al. 2018), which conducts
neuroimaging assessments before substance use onset to avoid
potential confounding effects of substance use on the brain.

Conclusion

In summary, resilient youth showed greater connectivity between
brain regions associated with self-control. Results of the present
study set the stage for a continued focus on risk-group heterogeneity
to better identify protective mechanisms against substance use
problems in vulnerable populations. The neural mechanisms un-
derlying resilience remain unknown, but linkages between the
DLPFC and PCC may be a starting point for future research.

Future studies can build upon this work in several ways. One
avenue for future work is to use longitudinal imaging data to ex-
amine potential developmental shifts in frontostriatal connectivity
in resilient and high-risk groups from adolescence through early
adulthood, coinciding with the protracted maturation of brain net-
works involved in cognitive control (Casey et al. 2008). Another
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direction for longitudinal work is to test if RSFC in the high-risk
group is a predictor of later SUD diagnosis compared to develop-
mentally limited rates of heavy use. The resilient group should also
be assessed longitudinally to determine the extent to which their
resilience against problematic substance use is sustained into
adulthood.

Clinical Significance

Identifying neural markers of resilience against substance use
problems using RSFC in FH+/resilient and FH+/high-risk youth
provides important targets for intervention. Strengthening execu-
tive functions has been a focus of substance use intervention and
prevention programs aimed at adolescents (e.g., Pentz et al. 2016).
Prevention and intervention efforts specifically tailored to FH+
youth that increase self-control may help to prevent or reduce heavy
substance use. These interventions may be particularly impor-
tant for adolescents, whose brains are undergoing developmental
changes that may make them more vulnerable to risk-taking be-
havior and sensitive to the neurotoxic effects of substances (Spear
2014).
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